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BCSM CSM site mixing quality factor (#/m3)
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cc compression index
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cs specific heat of the treated soil (kJ/(kg·◦C)
CV sample coefficient of variation (%)
D dielectric constant
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E potential energy (J)
e void ratio
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e0,t after curing void ratio
Eact apparent activation energy (J/mol)
ED(10%) energy absorption capacity of fibre-reinforced cemented soils
(J)
E f maximum elastic modulus obtain from seismic investigations
(MPa)
Et,in largest tangential elastic modulus obtained from external” axial
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Emax maximum modulus of elasticity based on locally measured ax-
ial strain (MPa)
Emix specific mixing energy (J/m3)
Es,xx secant modulus of elasticity at xx percentage of the failure load
(MPa)
Et,xx tangent elastic modulus at xx percentage of the failure load
(MPa)
FC fine content (%)
FS safety factor
xxiii
xxiv Nomenclature
G0 tangential elastic modulus at very small deformation (MPa)
Gs,t after curing specific gravity
I1, I2, I3 first, second and third invariant of the isotropic stress tensor
I1, I2, I3 first, second and third invariant of the isotropic strain tensor
IB brittleness index
Imix mixing index
Is integral scale of spatial correlation
I′v modified void index
I′vn normalized void index
J1, J2, J3 first, second and third invariant of the deviatoric stress tensor
J1, J2, J3 first, second and third invariant of the deviatoric strain tensor
K specific or physical permeability (m2)
k hydraulic permeability (m/s)
Ksat specific permeability under saturated conditions (m2)
ksat permeability under saturated conditions (m2)
kuntr hydraulic conductivity of the natural soil (m/s)
l/d aspect ratio
LI liquidity index
Li ingnition loss (%)
M maturity index (◦C·days)
N coordination number
n concentration of ions (ions/m3)
nb number of blades
Nd rotational speeds of the blades during penetration (rpm)
nt number of teeth per wheel in the CSM unit
Nu rotational speeds of the blades during withdrawal (rpm)
nw number of wheels of the CSM unit
OM organic matter content (%)
p′ mean effective stress (kPa)
PI plasticity index (%)
PSP pore size parameter
Q flow rate (m3/s)
q˙ rate constant for strength gain (1/days)
q f failure deviatoric stress (kPa)
q f ,untr failure deviatoric stress of the untreated soil (kPa)
qres ultimate deviatoric stress defined at an axial strain of 10% (kPa)
Nomenclature xxv
Qt total heat generated up to a certain time during the hydration
process in a treated soil mass (kJ)
qt binder unitary heat developed at a certain time during the hy-
dration process in a treated soil mass (kJ/kg)
r radius (m)
rcrit critical pore size (m)
Rd average rotational speed of the CSM mixing wheels during the
CSM penetration phase (#/min)
RH hydraulic radius (m)
RH relative humidity (%)
Rmix average rotational speed of the mixing shaft throughout the lab-
oratory mixing process (#/min)
Rr resistance ratio
Ru average rotational speed of the CSM mixing wheels during the
CSM withdrawal phase (#/min)
s sample standard deviation
s2 sample variance
s20 sample variance for a completely segregated mixture
S2D two-dimensional shape factor
S2 two-points correlation function
S3D three-dimensional shape factor
SC Kozeny constant (shape factor)
Se f f stabilization effect
SI free swelling index (ml/g)
Sr degree of saturation
s2R sample variance of a completely random mixture
Ss specific surface (m−1)
su undrained shear strength (kPa)
su,untr undrained shear strength of the untreated soil (kPa)
T temperature (◦C)
T0 reference temperature, often assumed equal to −10◦C
∆Tt,ad maximum heat gradient generated at a certain time during the
hydration process in a treated soil mass (◦C)
tcur curing time (days)
td total time taken to blend the soil during the CSM penetration
phase (min)
te equivalent age at the reference temperature (days)
tmix time taken to blend the mixture in the laboratory (min)
xxvi Nomenclature
Tr absolute reference temperature (K)
tu total time taken to blend the soil during the CSM withdrawal
phase (min)
u pore water pressure (kPa)
UCS unconfined compressive strength (kPa)
UCSd design unconfined compressive strength (kPa)
UCS f ield unconfined compression strength from field samples (kPa)
UCSk characteristic unconfined compressive strength (kPa)
UCSlab unconfined compression strength from laboratory prepared sam-
ples (kPa)
UCSt unconfined compressive strength at t curing days
Vd mixing blade velocities during penetration (m/min)
vi ionic valence
Vs shear wave velocity (m/s)
Vu mixing blade velocities during withdrawal (m/min)
vu retrieval rate of mixing tool during withdrawal (mm/rev)
w after treatment water content (%)
w/b water-to-bentonite ratio
w/c water-to-cement ratio of the binding slurry
Wd average torque generated by mixing wheels during the CSM
penetration phase (Nm)
we non-evaporable water content of the hydration product with
respect to dry binder weight (%)
wL liquid limit (%)
Wmix average torque generated by mixing shaft throughout the labo-
ratory mixing process (Nm)
wn natural water content (%)
wP plastic limit (%)
wT total water content of the stabilized soil (%)
wT/c total water-to -cement ratio
Wu average torque generated by mixing wheels during the CSM
withdrawal phase (Nm)
x sample mean
y potential function
Greek Symbols
α cement factor (kg/m3)
Nomenclature xxvii
αe f f effective cement factor (kg/m3)
χ mercury entrapment parameter
δij Kronecker delta
ε f axial strain at failure (%)
φ′ internal friction angle (◦)
φ′p peak friction angle at failure (◦)
φ′res residual friction angle (◦)
γ f luid fluid unit weight (kN/m3)
γw water unit weight (kN/m3)
ηmix efficiency of mixing
ϕd CSM phase factor
µ linear attenuation coefficient
µ f luid dynamic viscosity of a fluid (Pa·s)
µX population mean of a random sample of a random variable X
with a certain distribution
ω static permittivity (C2J−1m−1 or Fm−1)
Φ porosity (%)
Θ temperature sensitivity factor
ρ volumetric mass of the treated soil (kg/m3)
ρ f luid bulk density of the fluid (kg/m3)
ρe charge density (C/m3)
ρe double layer charge (C)
ρsoil bulk density of the unstabilized soil (kg/m3)
ρw bulk density of water (kg/m3)
ρslurry bulk density of the binding slurry (kg/m3)
ρspoil bulk density of spoil material (kg/m3)
σ1, σ2, σ3 major and secondary principal total stresses
σ′1, σ
′
2, σ
′
3 major and secondary principal effective stresses
σc confining pressure (kPa)
σcrit critical confining stress in fibre reinforced soils (kPa)
σ′1,c major consolidation stress (kPa)
σ2analysis variance due to analytical errors
σ2mixing variance due to imperfect mixing
σ2purity variance due to purity differences
σ2sampling variance due to sampling errors
σ′qp quasi-preconsolidation stress (kPa)
xxviii Nomenclature
σt tensile strength (kPa)
σ2X population variance of a random sample of a random variable
X with a certain distribution
τ tortuosity of the pore network
Υ intensity of segregation
ψ electrical potential (V)
ψ0 electrical potential at the clay surface (V)
ζ loss factor
Constants
e− electronic charge – e− = 1.602 · 10−19 C
kB Boltzmann constant – kB = 1.38 · 10−23 JK−1
ω0 permittivity of vacuum – ω0 = 8.8542 · 10−12 C2 J−1m−1
pa atmospheric pressure – pa = 101325 Pa
R universal gas constant – R = 8.314 J/(mol·K)
Acronyms
BP . . . . . . . . . . Back-Pressure
CCP . . . . . . . . . Chemical Churning Pile
CDM . . . . . . . . Cement Deep Mixing
CEC . . . . . . . . . Cation Exchange Capacity
CKD . . . . . . . . Cement Kiln Dust
CMC . . . . . . . . Clay Mixing Consolidation Method
CSL . . . . . . . . . Critical State Line
CSM. . . . . . . . . Cutter Soil Mixing
DCCM . . . . . . Deep Cement Continuous Method
DCM . . . . . . . . Deep Chemical Mixing
DEF . . . . . . . . . Delayed Ettringite Formation
DeMIC . . . . . . Deep Mixing Improvement by Cement stabilizer
DJM . . . . . . . . . Dry Jet Method
DLM . . . . . . . . Deep Lime Method
DMM . . . . . . . Deep Mixing Method
EDS . . . . . . . . . Energy Dispersive Spectrometer
FHWA . . . . . . Federal HighWay Administration
GGBF . . . . . . . Ground Granulated Blast Furnace (referred to slag)
ICL . . . . . . . . . . Initial Consumption of Lime
Nomenclature xxix
ITZ . . . . . . . . . . Interfacial Transition Zone
JACKSMAN . Jet And Churning System MANagement
LFP . . . . . . . . . Lime Fixation Point
LMO . . . . . . . . Lime Modification Optimum
LSO . . . . . . . . . Lime Stabilization Optimum
µ-CT . . . . . . . . Computerized Micro-tomography
MDD . . . . . . . . Maximum Dry Density
MIL . . . . . . . . . Mean Intercept Length
MIP . . . . . . . . . Mixed-in-Place
MIP . . . . . . . . . Mercury Intrusion Porosimetry
NCL . . . . . . . . Normal Compression Line
OLC . . . . . . . . . Optimum Lime Content
OMC . . . . . . . . Optimum Moisture Content
OPC . . . . . . . . . Ordinary Portland Cement
PFA . . . . . . . . . Pulverized Fly Ash
PRB . . . . . . . . . Permeable Reactive Barrier
PSD . . . . . . . . . Pore Size Distribution
PTS. . . . . . . . . . Phase Transformation Surface
QC/QA . . . . . Quality Control/Quality Assurance
RM . . . . . . . . . . Rectangular Method
SCM . . . . . . . . Supplementary Cementitious Material
SEM . . . . . . . . . Scanning Electron Microscopy
SMW . . . . . . . . Soil Mix Wall
S/S . . . . . . . . . . Stabilization/Solidification method
TRD . . . . . . . . . Trench cutting Remixing Deep wall
UTC . . . . . . . . . Unconfined Compression Test
XRPD . . . . . . . X-ray Powder Diffraction

Part I
B A C K G R O U N D O N D E E P M I X I N G

1I N T R O D U C T I O N
1.1 general background
The Deep Mixing Method (DMM) is an in-situ soil treatment technol-
ogy whereby binding materials are added and blended with soils in or-
der to improve their hydraulic and mechanical properties. Deep Mixing
techniques, originally developed in Sweden and Japan during the 1960s
and 1970s, are today well-established procedures in the geotechnical en-
gineering practice of an increasing number of countries. The reasons for
this success can mainly be due to the several engineering purposes they
serve as alternative, more economic (e.g. Topolnicki and Pandrea, 2012),
and environmental friendly solutions with respect to the traditional meth-
ods involved in ground improvement works and to the constant techno-
logical development carried out on mixing rigs. Some fields of applica-
tion concern the execution of hydraulic cut-off walls, excavation support
walls, ground improvement, liquefaction mitigation, in-situ reinforcement
and foundations, and environmental remediation (Porbaha, 1998; Bruce,
2000).
Binders of various types can be introduced into the ground in a dry
or wet form to produce chemical reactions leading to the formation of
hydration products able to improve permeability, strength, and deforma-
tion characteristics of soils. The most prevalently used binders are cement
and lime (CaO), often in combination with other admixtures, especially
ground granulated blast furnace (GGBF) slag, fly-ash, silica fume, poz-
zolanas, and, more recently, cement kiln dust (CKD), magnesia (MgO)
and zeolite (Freer-Hewish et al., 1999; Liska and Al-Tabbaa, 2009; Jegan-
dan et al., 2010). The use of special binders, manufactured expressly for
ground improvement purposes, are expected to increase in the future due
to the possible environmental benefits of reusing industrial by-products,
as well as economical and technical reasons.
The performance of deep mixing structures depends significantly on
the mixing process implemented at the site, which is much more effective
when a homogeneous distribution and uniform blending of the binding
material with the soil is achieved (Mitchell, 1981). However, deep mix-
ing procedures generally involve a series of operations that are difficult
to monitor continuously in-situ and that, consequently, complicate the
assessment of the predefined requirements demanded by design specifi-
cations. Quality control/quality assurance (QC/QA) programmes, there-
fore, play a crucial role in evaluating the quality of the treated soil through-
out production and, especially, during preliminary trial tests, which cus-
tomarily are performed in order to calibrate the most suitable mix design
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and mixing method on the basis of the initial laboratory outcomes. Unfor-
tunately, due to the relatively high costs associated with field trial set-up,
the optimization phase is often left to the first construction stages of the
definitive structure, causing possible fallouts in terms of unsatisfactory
results and schedule problems.
The experimental data gathered from QC/QA investigation campaigns
can be used to validate performance predictions provided by design mod-
els commonly used for deep mixing methods. These criteria are preva-
lently based on tests executed on stabilized soils mixed and cured in the
laboratory under predefined conditions, which may differ considerably
from those really encountered at the site. It should be noticed that reli-
able formulations concerning the estimation of strength and deformation
properties of treated soils are still not available (Larsson, 2005).
An understanding of the hydro-mechanical behaviour of stabilized soils
is of fundamental importance for the design of deep mixing applications.
In particular, three main properties directly related to the effectiveness of
ground improvement treatments (e.g. retaining or cut-off walls) have been
extensively investigated in the past by researchers and constructors from
specimens collected at jobsites or expressly prepared in the laboratory,
namely unconfined compressive strength (UCS), elastic secant modulus
(Es,xx, where xx represents the percentage of the failure load on the stress
– strain curve at which the secant modulus of elasticity is calculated), and
hydraulic conductivity (permeability, k).
Despite ordinary investigation techniques can provide relevant infor-
mation about the hydro-mechanical behavior of treated soils, in recent
years the need of a multidisciplinary approach able to take into account
the effects of different mixing procedures and curing conditions, as well
as the use of a large variety of binders, has risen. In this respect, more
detailed analyses also borrowed from other disciplines have been becom-
ing more and more common in the study of this kind of materials. Miner-
alogical, chemical, and micro-structural tests, in particular, allow to better
understand the reasons for ineffective/effective treatments or unexpected
performance through the direct observation of the bonded matrix and the
detection of its main hydration products, which strongly affect strength
and permeability properties at curing times even longer than one year
(Åhnberg et al., 2003) due to the specific chemical reactions taking place.
Comprehensive investigations are consequently necessary to provide
essential basis for the development of new reliable mathematical formu-
lations describing the hydro-mechanical behaviour of stabilized soils and
for the optimization of deep mixing methods and cost-effective design.
1.2 classifications of deep mixing methods
According to the European standard EN 14679 (2005), a "mixing process"Definition of
"mixing process" can be defined as any procedure which "involves mechanical disaggrega-
tion of the soil structure, dispersion of binders and filler in the soil".
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Furthermore, EN 14679 (2005) listed specific conditions that allow to Main conditions to
define "deep mixing
methods"
distinguish between shallow soil stabilization and deep mixing. In par-
ticular, techniques used for a "treatment of the soil to a minimum depth
of 3 m" and involving rigs equipped with "rotating mechanical mixing
tools where the lateral support provided to the surrounding soil is not
removed" can be regarded as deep mixing methods.
Currently, no standard classifications exist for deep mixing methods.
However, different classification systems have been proposed in the past
(Porbaha, 1998) based on the geometry of the treated mass, the construc-
tion technique, the stabilizing agent introduced into the ground, and the
applications that can be realized using DMMs.
1.2.1 Classifications based on the treatment pattern
Several pattern of soil mixed elements can be created into the natural
ground depending on the DM technique available, the type of structure
and the load it will support, the subsoil conditions, and the required
design specifications.
Tipically, four types of basic repeatable units composed of singular
mixed-soil elements can be produced by means of ordinary DM rigs
(Figure 1.1) in both terrestrial and marine environments. When the load
applied to the superstructure is particularly high or when deformation
problems are suspected, the most suitable arrangements are those con-
sisting in the block type (Figure 1.1d) or in the wall (Figure 1.1b) type
improvement, whereas, in other cases, the most preferable solution is the
(a) Column type (b) Wall type
(c) Grid type (d) Block type
Figure 1.1: Possible geometries of the treated mass.
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column type treatment (Figure 1.1a) manly due to cost-effectiveness. The
grid type (or lattice type) (Figure 1.1c) costructions are in general used for
liquefaction mitigation. Rows composed of overlapping elements are also
very extensively used in excavation support walls and hydraulic cut-off
walls, as well as for the cinturation of pollutted sites, and, eventually, for
the installation of permeable reactive barriers (PRB).
It is worth noticing that similar considerations regarding geometries of
deep mixing structures are provided by EN 14679 (2005), which further
reports crucial aspects to be accounted for during the execution of DMMs.
1.2.2 Classifications based on the construction technique
Deep mixing of soils, as other subjects related to the field of special foun-
dations, is significantly influenced by technical development. First ma-
chines equipped with a unique shaft rotating around vertical axis having
simple mixing tools mounted at the tip have been subjected to continuous
improvements during the last decades in order to increase construction
speed and treatment effectiveness (Terashi, 2002). Multiple shaft working
rigs and enhanced mixing tools have been gradually introduced in the
international market and currently allow to treat large volume of soil and
smoothly achieve different construction configurations depending on the
specific engineering purpose to be pursued. Recent advancements in deep
mixing industry and research have been associated to various identifica-
tion acronyms and terminology (listed in Table 1.1), even if other generic
phrases can be used, e.g. in-situ soil mixing, lime-cement columns, and
soil-cement columns.
Table 1.1: Deep Mixing Acronyms (after Porbaha, 1998).
Acronym Terminology
DCM deep chemical mixing
CDM cement deep mixing
CMC clay mixing consolidation method
CCP chemical churning pile
DCCM deep cement continuous method
DJM dry jet mixing
DLM deep lime mixing
RM rectangular mixing method
JACKSMAN jet and churning system management
DeMIC deep mixing improvement by cement stabilizer
SMW soil mix wall
MIP mixed-in-place piles
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(a) (b) (c)
Figure 1.2: Classification on the construction technique: (a) mechanical mixing1;
(b) jet grouting; (c) combined jet and mechanical mixing2.
DMMs can be classified in three groups according to the mixing mecha-
nism used to blend the soil with the binding material, namely mechanical,
jet, and combined mechanical-jet mixing processes (Figure 1.2).
In mechanical mixing systems the binder is introduced into the ground
in either dry or slurry form under low pressure, while in jet-grouting
and jet-mechanical mixing methods high pressure is used to disaggregate
and loosen the soil usually by water and, possibly, air streams, and to
subsequently inject the binding slurry.
1.2.3 Classifications based on stabilizing agent
The traditional binders used in deep mixing are lime and cement. While
the former was originally extensively adopted in Finland and Sweden
to be later used in combination with cement in order to improve strength
properties of soft soils like peat and gyttja, the latter was prevalently used
in Japan to treat marine clays for large land reclamation projects.
Several researchers in the past have shown that higher strengths and
lower permeabilities can be achieved in stabilized soils using cement and
new special types of binders expressly developed for ground improve-
ment works. These recent binding materials are customarily composed
of cement in conjunction with different admixtures, among which lime,
gypsum, GGBF slag, pozzolanas, silica fume, and fly-ash are the most
frequent (Janz and Johansson, 2002). Other synthetic additives including
retarders, accelerators, air entraining agents etc. can be added.
New research topics in the field of soil mixing have been proposed
to study the effect of polymeric fibers on the mechanical behaviour of
treated soils, especially sands (e.g. Maher and Gray, 1990; Consoli et al.,
2004).
1 CDM Land4 - CDM Association
2 JACKSMAN system - CDM Association
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(a) (b) (c)
Figure 1.3: Dry mixing tools: (a) Nordic "standard" tool; (b) Nordic dry mixing
"Pinnborr"; (c) DDM standard.
As already mentioned above, binders can be introduced into the ground
in a dry or wet form, depending if it is injected as a powder or a slurry.
Deep mixing by the dry method was initially conceived in Sweden andDry Deep Mixing
Methods Finland in the 1970s and it is usually referred as lime-cement column
method or Nordic technique, according to EN 14679 (2005). The original
mixing device was designed to provide high production capacity in soft
clay and was equipped with a single vertical mixing shaft having a num-
ber of tilted vanes (paddles) at the tip which, however, were not able to
produce good results and a sufficient homogenization of the mass to be
stabilized due to the clay sticking on the tool. After first trials, subsequent
researches and experimental findings have brought to the development of
tools of the type shown in Figure 1.3a. Slight variations of the "standard
tool" exists, but further advancements have been very limited (Larsson,
2005). An example of a current mixing tool is reported in Figure 1.3b.
Besides the Nordic method, EN 14679 (2005) illustrates design and exe-
cution aspects related to the Japanese dry method. This technique can be
implemented using several types of mixing devices and different ways of
introducing binders into the soil. Figure 1.3c represents the standard tool
provided by the Japanese DDM Association, in which the binder outlet
hole located on the rotating shaft behind the blades causes the binder,
transported by the injected air, to move from the centre of the column
to its periphery. Recently, a new mixing tool where the binder is incor-
porated from the end of the mixing blades towards the mixing shaft has
been presented (Takeda and Hioki, 2005).
Deep mixing by the wet method was initially developed in Japan sinceWet Deep Mixing
Methods the mid 1970s and today is a worldwide well-established procedure. Var-
ious working machines are used in the world depending of the region.
In Europe the installation of wet soil-mixed columns can be performed
using single or multiple flight auger(s) (Figure 1.4a) or vertical shaft(s)
equipped with blades depending on the subsoil conditions and engineer-
ing applications. In Japan, wet mixing is used prevalently for marine con-
structions and land reclamation, even if several types of mixing rigs are
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(a) (b) (c)
Figure 1.4: Wet mixing technologies: (a) Mixed-in-Place3; (b) Standard CDM
2x1.0 m 4; (c) Innovative solution: CSM3.
available for on-land projects (Figure 1.4b). The number of shafts and the
maximum depth achievable are generally higher for maritime works.
Mixing tools are normally provided with fixed "anti-rotation vanes"
in order to avoid rotation of the mixed material adhering to the driven
blades and shaft. Due to the liquefied nature of the stabilized soil right
after the treatment, steel bars, steel cages, and steel beams can be installed
to obtain reinforced soil-wall structures.
Recently, new methods able to install rectangular columns in the ground
have been introduced in the deep mixing industry (Mizutani et al., 1996;
Watanabe et al., 1996). A somewhat innovative solution to form rectangu-
lar mixed panels is Cutter Soil Mixing (CSM) (Fiorotto et al., 2005). The
CSM method, differently from the traditional wet DMMs, makes use of
two sets of cutting wheels revolving around horizontal axis and driven by
hydraulic motors located in a water-tight housing mounted on a robust
Kelly bar (Figure 1.4c) or on a wire suspended cutter frame.
Further developments are continuously proposed in the field of deep
mixing constructions. An example is represented by the TRD (Trench cut-
ting Remixing Deep wall method), which is carried out using a sort of
chain-saw cutter device ensuring the continuity of the mixed wall. De-
spite this advantage, the use of the TRD technique is inevitably restricted
to applications requiring limited depths.
Several researchers have proposed a direct comparison between dry
and wet methods in order to assess the most effective approach for soil
treatment. Filz et al. (2005) observed that strengths achieved in wet mixed
columns were much higher than those measured in dry mixed columns.
Massarsch (2005) found that the hydraulic conductivity of dry mixed
columns was higher than the permeability of the surrounding soil, while
the contrary occurred using the wet method. On the other hand, Larsson
and Kosche (2005) concluded that dry mixing have approximately 30%
higher shear strength than wet mixing. However, according to Larsson
3 Courtesy of BAUER GmbH
4 CDM Association, 2002
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(2005) and Porbaha (2005), dry and wet mixing techniques are based on
similar design and mixing principles and the common belief that the mix-
ing quality is better using wet mixing should currently be considered,
at least, a questionable statement. Therefore, to determine which type
of technique represents the most adequate ground improvement treat-
ment fulfilling both design requirements and engineering purposes, spe-
cific field trials should be performed at the site accompanied by intensive
QC/QA programmes.
1.2.4 Classifications based on engineering applications
Deep mixing methods have tentatively been classified also on the basis of
the engineering purposes they serve.
The Japanese CDM Association (Japanese CDM Association, 1996) pro-
posed a classification system based on the expected duration of the DM
structure to be built (Figure 1.5).
The criteria assumed by the Federal Highway Administration (FHWA)
to classify DMMs (Figure 1.6) are the location of the site where deep mix-
ing has to be performed, i.e. on-land or ocean environments, and the main
purpose at which designers in charge aim, e.g. foundational or ground
improvement applications.
A further classification was delineated by Porbaha et al. (1998) and is
presented in Figure 1.7.
1.2.5 General classification
First attempts to classify in a rigorous way deep mixing techniques were
made by Bruce et al. (1998) and Bruce (2000). This classification depends
on several fundamental operative features:
• The method with which the binding material is introduced into the
subsoil, namely in a Wet (pumped as a slurry) or a Dry (blown in
pneumatically) form.
• The approach adopted to penetrate the ground and/or to blend
and homogenize the chemical agents with the soil: purely by Rotary
methods adding the binder at relatively low pressures, or by a ro-
tary method aided by Jet systems which injects fluid slurry at high
pressure. The classification does not include jet-grouting, as it does
not involve any mechanical mixing to improve the stabilized mass.
• The vertical position of the mixing tools along the drill shaft: the
incorporation of the binder and its homogenization with the soil
can be carried out at the End (or within a distance comparable with
the characteristic size/diameter of the tool) or along a significant
portion of the Shaft.
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Figure 1.5: Classification of DMMs applications according to Japanese CDM As-
sociation 1996.
In practice, not all the combinations provided by this flowchart are
available for ground improvement applications since wet slurry, jetted
shaft mixing (WJS) and dry binder, rotary, shaft mixing (DRS) do not exist,
and no jetting introducing dry binder (DJS or DJE) have been already
developed.
Furthermore, recent technologies based on driven mechanisms differ-
ent from those involving rotary systems cannot be correctly identified
using this scheme.
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Figure 1.6: Classification of DMMs applications proposed by Federal Highway
Adiministration (1996).
In order to overcome such limitations, Topolnicki (2004) elaborated a
more general classification which allow to distinguish between different
in-situ soil mixing treatments (Figure 1.8). The basic indicators used to
operate this distinction are the same considered by Bruce (2000), even if
the mixing principles are here extended to include recent advancements
in deep mixing machinery.
1.3 cutter soil mixing
The Cutter Soil Mixing (CSM) technique is a wet mixing technique de-
veloped in 2003 drawing on the experience gained in the production of
diaphragm wall cutters for the construction of cut-off and retaining walls
(Gerressen and Vohs, 2012).
equipment. CSM differs significantly from conventional DMMs, since
it makes use of two sets of cutting wheels rotating around horizontal axis
to produce rectangular panels of improved soil rather than one or more
vertical rotating shafts creating circular stabilized columns. Each set of
wheels is driven by hydraulic motors which are located in a watertight
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Figure 1.7: Classification of various applications of deep mixing technology (Por-
baha et al., 1998).
case. During the penetration of the CSM unit, the soil is disaggregated
and loosened by the cutting wheels and, at the same time, a fluidifying
suspension or a cementing slurry is added through a nozzle set between
the cutting wheels (Figure 1.9a). The sense of rotation can be varied at
any time throughout the panel production, even if the mostly preferred
direction is outside-inward due to several reasons:
• The mixing action is more intensive.
• Stones and boulders are not transported on the top of the unit, pre-
venting risks related to the blockage of the CSM mixing head at
relevant depths.
• Possible bigger stone could be cracked or caught (and subsequently
recovered) by the wheels.
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Figure 1.8: General classification of deep mixing methods.
The counter-rotating mixing wheels and the cutting teeth thrust the soil
agglomerates through narrow gaps between vertical steel plates, named
"shear plates" (Figure 1.9b). This produces a sort of forced mixing action
which enhance incorporation and homogenization of the binder into the
soil.
The injection of compressed air stream is normally supplied during the
penetration phase in order to improve the breaking and mixing process
and to avoid segregation when treating sandy materials (Figure 1.9c).
The CSM unit can be mounted on a guided Kelly bar (Figure 1.10a)
or a wire rope suspended cutter frame equipped with special steering
devices (Figure 1.10b). Depths up to 60 m have been successfully reached
using wire rope-suspended rigs provided with four sets of mixing wheels
(Figure 1.10c), two on the upper and two on the bottom part of the CSM
unit, respectively. The two upper sets of wheels allow to re-disaggregate
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(a) (b) (c)
Figure 1.9: CSM technique: (a) cement slurry flowing out the nozzle located be-
tween the cutting wheels; (b) CSM mixing wheels and shear plates;
(c) air bubbles coming out of the trench during panel construction.
and re-mix the soil in the withdrawal phase, reducing the risk of getting
stuck.
Panels having a width ranging from 2.4 m to 2.8 m and a thickness
between 0.55 and 1.2 m can be created.
execution. Mix design of fluidization suspensions and binding slur-
ries are in general based on preliminary suitability tests performed in the
laboratory and, possibly, at the site through the construction of trial pan-
els. The amounts of cement and bentonite to use, as well as the water-to-
cement ratio, are thus calibrated to achieve predefined levels of strength
and/or permeability required by design specifications. Usual recommen-
(a) (b) (c)
Figure 1.10: CSM technique: (a) Kelly-guided CSM Unit, Auckland (New
Zealand); (b) wire rope-suspended CSM Unit, Kitamoto (Japan); (c)
QuattroCutter. Courtesy of BAUER Maschinen GmbH.
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dations for high strength walls include increasing the cement content
and decreasing the water-to-cement ratio. To avoid segregation of mixed
sandy soils, a certain amount of bentonite is added to the cement slurry.
A typical construction sequence is as follows (Stötzer et al., 2006):
1. Construction of a good sized open guide trench for retaining excess
slurry (Figure 1.11a).
2. Fluidization of the soil mass during penetration to the final depth
introducing an appropriate slurry (Figure 1.11b). Depending on the
prevailing subsoil conditions, either bentonite, cement, or bentonite-
cement slurries can be used. Penetration speed can be varied during
downstroke in order to optimize the absorption of power and the
homogenization of the mixed soil mass. The pumping rate has to
be adjusted accordingly to keep unchanged the predefined amount
of slurry to be injected.
3. During withdrawal, the precise volume of slurry (and, consequently,
of cement) required for producing the final wall construction mate-
rial is injected.
4. A continuous wall is formed by the construction of individual pan-The overlap between
two adjacent panels
required by the
"fresh-in-fresh"
procedure (≈ 60 cm)
is typically larger
than that needed in
the "fresh-in-hard"
method (≈ 20 cm).
els in an alternating sequence of overlapping primary and secondary
panels. Secondary panels can be constructed immediately after com-
pletion of primary panels, i.e. "fresh-in-fresh". Nevertheless, the cut-
ter technology does also enable the cutting into panels that have
already hardened, i.e. "fresh-in-hard".
5. To utilize the wall as a structural retaining wall, steel columns are
inserted into the freshly mixed elements (Figure 1.11c).
(a) (b) (c)
Figure 1.11: CSM construction sequence: (a) construction of a good sized open
guide trench; (b) beginning of the penetration phase; (c) introduc-
tion of the reinforcement – Venice (Italy).
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Two procedures can be selected for the production of the CSM panels,
namely the "one-phase system" and the "two-phase system".
The one-phase system is generally adopted when the maximum depth "One-phase"
procedure: normally,
about 70% of the
total slurry volume
is pumped during
downstroke.
to reach is less than 15 m deep and no difficult soil conditions are ex-
pected to be encountered at the site. Only one slurry consisting of a
cement or bentonite-cement suspension is used throughout the process
causing an enhanced homogenization of the binder into the soil.
On the contrary, in the two-phase system a bentonite suspension is used
to loosen and liquefy the natural soil during the penetration of the cutting "Two-phase"
procedure: in clayey
soil, simply water
can be used for
fluidizing the soil.
unit. Once the final depth is achieved, a cement slurry is introduced and
mixed on the upstroke. This method prevents the mixing tool from being
trapped in the panel if the construction time exceeds that characterizing
the first set of the cement slurry (Gerressen and Vohs, 2012).
Difficult soil conditions, moreover, require short term changes of the
rotation direction of the wheels. This device capability proved to be also
very effective when compensation of panel deviations from verticality or
self cleaning of the wheels are needed. However, an increased wear of
tooth backside inevitably occurs.
CSM technique, as other DMMs, generates a certain amount of spoil
material composed of soil and part of the injected binding slurry. Even if
this backflow contains some of the initially estimated amount of binder
added to the natural soil to obtained predefined improved properties, it
is necessary in order to confirm the effective incorporation of the cement
into the treated volume and not dispersed in fractures or cavities into the
ground. It is worthwhile that a greater production of spoil material and
consequent higher disposal costs are often associated to higher pumping
flow rates, customarily chosen, when technically feasible, to accelerate
the work. Therefore, a compromise solution should always be carefully
evaluated.
The backflow can be collected in the pre-excavated trench and managed
using a backhoe (Figure 1.12a) or stored in a setting pond (Figure 1.12b) to
be later removed off the site. When a two-phase procedure is followed, the
backflow produced during the downstroke (without any binding agent)
can be pumped or transferred by a backhoe or a scratching belt from the
trench onto a screen where primary separation occurs. The fluid fraction
is then pumped to a desanding plant which makes it reusable for subse-
quent panels.
quality control . CSM rigs are provided with an effective monitor-
ing system, which involves direct measurements of all the production and
plant operating parameters by specific instrumentation mounted on the
machine (pressure, temperature, etc.), real-time elaboration of the mea-
sured data and visualization on the operator’s on-board computer screen
(Figure 1.12c), and, finally, storing of these information in accessible log-
files for subsequent documentation and evaluation. Typical quantities in-
vestigated are the rotational speed of the mixing wheels, the pumping
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(a) (b) (c)
Figure 1.12: CSM execution and monitoring aspects: (a) arrangement of the back-
flow in the guide trench operated by a backhoe; (b) storing of the
spoil material in a setting pond; (c) B-Tronic on-board computer
screen – Venice (Italy).
rate and the total volume of injected slurry, the penetration and with-
drawal speed of the cutter unit, the deviation from verticality in both
plan directions, etc.
When necessary, the operator can temporarily change some operative
settings to overcome unexpected situations. For instance, in the case of
panel deviation from verticality, two solutions can be executed depending
on the tilt direction.
• When the mixing wheels encounter a denser obstruction during
their downward movement, a slight longitudinal tilting of the cutter
unit can sometimes occur. In this case, the operator has to promptly
invert the direction of rotation of the wheel affected by the obstruc-
tion. This action allows to hinder the inclination of the tool and to
regain the predefined alignment (Figure 1.13a).
• During the downstroke it is also possible to observe small transver-
sal deviations, which alter the original penetration path of the CSM
device. The solution for this misalignment consists in a series of
operations aimed at bringing the trench axis back to its original ver-
tical orientation: at first, the mixing head is lifted up for a short
distance; then the mast of the drill rig to which the Kelly bar is con-
nected is tilted a little (not too much because of the risk to provoke
the failure of the Kelly) and, finally, the CSM unit is re-penetrated
into the trench slowly. The procedure is illustrated in Figure 1.13b.
comparison with other techniques . The CSM technique can
represent a suitable alternative to more conventional methods whenever
the improvement of subsoil mechanical properties for foundational pur-
poses or the construction of cut-off/retaining walls for environmental/ex-
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cavation support applications is required (Lebon2005). It is worth notic-
ing that significant advantages are related to the use of CSM deep mixing
technology:
• Due to the fact that the existing soil is utilised as construction ma-
terial and very little spoil material is generated, CSM technique is
particularly suited for works on contaminated sites.
• CSM is an ideal solution in place of soldier beam walls or sheet pile
walls when high groundwater conditions or soil formations unsuit-
able for pile driving are expected or in close proximity to vibration
sensitive buildings.
• CSM is a vibration-free method.
• No delivery of ready mixed concrete is necessary.
Besides, relevant execution and design aspects characterizing CSM also
make it a competitive and cost-effective alternative to classic deep soil
mixing procedures:
(a) Longitudinal deviation (b) Transversal deviation
Figure 1.13: Possible deviation mechanisms of the CSM unit.
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• In the CSM method the only moving parts are the cutting wheels;
this allows to install inside the cutter gearbox support frame nu-
merous instruments, which provide continuous monitoring of the
production sequence. Moreover, no rotation of the Kelly bar is in-
volved in the mixing process avoiding extra energy consumption,
which is, conversely, lost to overcome the friction occurring between
the soil-cement mixture and the vertical rotating shafts mounted on
traditional DMMs.
• The cutter principle ensures construction of clean and trouble-free
joints even between wall panels of different construction age. Com-
paring a CSM wall with a secant column wall having the same effec-
tive section (Figure 1.14), a reduced number of joints over approxi-
mately the same length and a related positive effect on the sealing
function of the barrier can be expected in the former case.
• Figure 1.14c shows that when a prescribed effective wall section
has to be obtained at the site, a greater volume of soil has to be
treated using single or multi shafts mixing rigs if compared with
the rectangular panels produced with CSM. This can entail negative
consequences associated to an overconsumption of cement and a
larger quantity of spoil material to be disposed.
• Optimization of the quantity and of the distribution of either steel
"H" type beams or reinforcement cages in fresh CSM panels can be
easily performed due to their rectangular shape (Figure 1.14d).
• Harder soil formations can be easily penetrated, broken down and
mixed by using the cutter wheels as cutting and mixing tool. Effi-
cient homogenization and incorporation of the binder into the soil
can be achieved even in predominantly clayey contexts.
(a) Joints: secant pile walls
(b) Joints: CSM wall
(c) Structural wall: comparison
(d) Structural wall: reinforcement
Figure 1.14: Comparison between cut-off walls produced using CSM and tradi-
tional DM techniques.
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1.4 main factors affecting the quality of treated soil
Many experimental activities were carried out in the past in order to inves-
tigate the factors affecting the degree of improvement of stabilized soils
through deep mixing techniques. Both wet and dry technologies were ex-
amined in the laboratory and in-situ and currently an increasing number
of test data is available. Since each of the ground improvement proce-
dures presented above involves several production stages characterized
by complex mechanical, hydraulic, and chemical interaction phenomena,
numerous factors have been found to influence the quality of treated soils
in terms of strength, permeability, and stiffness behaviour. In the litera-
ture, these factors have been customarily roughly classify in four cate-
gories, according to Babasaki et al. (1996); Yoshizawa et al. (1996); Terashi
(1997) (Table 1.2):
• type and quality of the stabilizing agent and other admixtures used
to improve the soil;
• physico-chemical properties of the natural soil, such as grain size,
mineralogy, water content, reactivity, organic content, pH value, At-
terberg limits, etc.;
• mixing conditions, e.g. mix design of the cementing slurry (water-
to-cement ratio, bentonite and cement volumes to be introduced per
each m3 of ground) and main machine operative parameters chosen
for the treatment;
• curing conditions, especially curing time. Unfortunately, quite often
the only curing parameter which can be "monitored" after the com-
pletion of a generic deep mixing treatment is the curing time, being
curing temperature and humidity hardly measurable in-situ. How-
ever, a much more effective control of environmental and curing
conditions can be achieved in laboratory experiments.
Hosoya et al. (1996) and Tatsuoka et al. (1996) observed, however, that
other aspects can greatly affect the properties of treated materials. In par-
ticular, the sampling method (Porbaha et al., 2000; Boardman et al., 2001;
Larsson, 2001; Kitazume, 2005; Larsson, 2005) and the testing equipment
and procedures (Tatsuoka et al., 1996; Åhnberg, 2004, 2006b) are regarded
as important factors to be taken into account in the evaluation of test re-
sults.
Based on the previous considerations and on many other studies (e.g.
Asano et al., 1996; Baghdadi and Shihata, 1999; Åhnberg et al., 2001; Burke
and Sehn, 2005; Usui, 2005; Madhyannapu et al., 2010), properties of sta-
bilized soil prepared in the laboratory are generally different (most of the
time better) from those observed in the field. Comparison tools able to
correlate in a reliable way laboratory and in-situ findings are currently
not available.
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Table 1.2: Factors affecting soil improvement (after Terashi 1997).
Characteristics of
binder
1. Type of binder
I. 2. Quality of binder
3. Mixing water and additives
II.
Characteristics and
conditions of soil
(especially
important for clays
1. Physical, chemical, and
mineralogical properties of soil
2. Organic content
3. pH of pore water
4. Water content
III. Mixing conditions
1. Degree of mixing
2. Timing of mixing/re-mixing
3. Quantity of binder
4. Water to cement ratio
IV. Curing conditions
1. Temperature
2. Curing time
3. Humidity
4. Confining pressure
5. Wetting, drying/freezing and
thawing, etc.
1.5 basic mixing quantities
Every mixing process performed at the site is characterized by a specific
mix design, defined by preliminary laboratory suitability tests and finally
validated by the execution of field trials. Especially in the latter phase,
small variation and calibration of several basic quantities, some of which
have been reported in Table 1.2, are operated. According to Filz et al.
(2005), the basic quantities of deep-mixing treatments are:
- water-to-cement ratio of the binding slurry introduced deep into the
ground w/c = Ww,slurry/Wc,slurry (dimensionless), where Ww,slurry
and Wc,slurry are, respectively, the weight of water and cement in the
slurry;
- cement factor α = Wc,slurry/Vsoil (expressed in kg/m3 of natural
soil), in which Vsoil represents the volume of natural soil to which
Wc,slurry is added;
- cement content on a dry-weight basis aw = Wc/Wd,soil (percent),
where Wd,soil is the weight of dry soil mixed with an amount of
cement corresponding to Wc;
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- total-water-to-cement ratio wT/c = Ww,mix/Wc,mix (dimensionless),
in which Ww,mix and Wc,mix are, respectively, the weight of water and
cement in the slurry-soil mix.
These parameters are extensively recalled in the following and have been
used to derive a provisional method for the estimate of the strength gain
over time in CSM treated materials.
1.6 objectives and outline of this thesis
The research activity presented in this thesis was mainly aimed at to study
the hydro-mechanical behaviour of soils treated by the CSM method and
to provide valuable design and execution support necessary to satisfy the
prescribed requirements in terms of strength and permeability properties.
Experimental data collected at several CSM jobsites around the world
have been used to derive an empirical formulation for the estimate of
UCS, usually assumed to indicate the improvement effect attained in the
field as suggested by Ingles and Metcalf (1972), Kawasaki et al. (1981),
Hosoya et al. (1996), Okumura (1996), Porbaha et al. (2000), Schnaid et al.
(2001), Porbaha (2005), Åhnberg (2006b). The main factors affecting the
quality of CSM mixed materials have been duly considered in the devel-
opment of this procedure.
The applicability of some constitutive models, failure criteria, and pore
network approaches presented in the literature for the modelling of the
strength and permeability behaviour of treated soils has been further dis-
cussed.
A comprehensive investigation has been conducted on treated soil sam-
ples taken from two jobsites characterized, respectively, by prevalently
clayey and sandy subsoil conditions. Mineralogical and micro-structural
features have been analysed through specific laboratory equipment and
jointly interpreted to give reasonable explanation of unexpected strength
results.
Additional samples were prepared in the laboratory following approx-
imately the same mix design adopted for the in-situ production, in or-
der to define an effective comparison tool between laboratory and field
mixing techniques, and, consequently, between the different outcomes
achieved.
This dissertation summarizes the research findings reported in some
contributions listed at the beginning of this manuscript and presented at
national and international conferences on ground improvement and in
other papers submitted to specialized journals for approval.
It is divided into two parts: the first dealing with background infor-
mation and state of the art in deep mixing, the second presenting the
experimental activity carried out during the Ph.D. course and the most
relevant results obtained.
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part i . After the introductory chapter illustrating current technologies
and typical classification systems used in deep mixing of soils, with partic-
ular reference to the Cutter Soil Mixing system (the subject of this study),
as well as the main factors affecting the effectiveness of DM treatments,
Chapter 2 describes the role of different binders and their chemical inter-
action with soils in forming hydration and cementing products. The basic
principles and reaction processes involved are further discussed. The ef-
fects of mixing and curing conditions on strength and permeability prop-
erties of stabilized soil are delineated in Chapter 3. Chapter 4 presents a
literature review of the theoretical and empirical formulations proposed
to model the mechanical/failure and hydraulic behaviour of treated ma-
terials.
part ii . Chapter 5 briefly reports the main geotechnical characteriza-
tion of the CSM jobsites considered in this study, whereas descriptions
of the approach and laboratory techniques used to analyse the phys-
ical, chemical, and micro-structural features of improved soil samples
are given in Chapter 6. Chapter 7 summarizes the most important find-
ings obtained from the experimental work performed at the University of
Padua. Conclusion and suggestions for further research are presented in
Chapter 8.
In Appendix A, finally, some details concerning the development of a
numerical code for a reliable interpretation of in-situ mixing parameters
are provided.
2B I N D E R - S O I L I N T E R A C T I O N M E C H A N I S M S
2.1 general
Lime and cement are the main binders used in the Nordic European coun-
tries and Japan, respectively. Generally, higher strengths can be achieved
with cement, either alone or mixed with lime (Åhnberg et al., 1995). Fur-
thermore, Porbaha (2005) found that more effective improvement can be
obtained using binders introduced in the wet form, but more studies are
needed to confirm this experimental result (Larsson, 2005).
Although, the introduction of cement allows to stabilize even soils with
high organic and water contents, currently, new cementitious binders,
such as those in which a portion of cement is replaced by industrial
residues, have been designed to address specific ground improvement
problems. These recent types of binding agents have made deep stabiliza-
tion more economically and environmentally attractive, due to the oppor-
tunity of reusing ash, slags, or other industrial by-products, which would
otherwise be disposed in specialized landfills. Nevertheless, it is essential
to ensure that composite binders do not contain heavy metals or other
hazardous substances that can leach out with time (Janz and Johansson,
2002) and that they can effectively foster hydration processes and the for-
mation of hydration cementing products, strengthening the original soil
fabric.
The term "hydration" in this context denotes a sequence of complex Definition of
"hydration"chemical reactions that develop when an anhydrous binding agent, or
one of its constituents phases, is mixed with water leading to setting and
progressive hardening phenomena.
A basic understanding of the evolution of chemical reactions occurring
when different binders are added to soils is essential to interpret in a
reliable way the improvement effect experimentally observable after the
treatment. The hydration of cement and lime is described in many papers
and textbooks (e.g. Boynton, 1980; Taylor, 1997) and also their chemical
interaction with soil and other mineral additions (referred also to as sup-
plementary cementitious materials, SCMs) has been illustrated in the lit-
erature (e.g Croft, 1967a; Ingles and Metcalf, 1972; Joshi et al., 1981; Saitoh
et al., 1985; Bell, 1988; Locat et al., 1990; Rogers et al., 1997; Sivapullaiah,
2000; Chew et al., 2004; Åhnberg and Johansson, 2005; Wilkinson et al.,
2010).
Materials able to produce/promote under certain conditions the for-
mation of high-strength bonds between soil or aggregate particles can
be grouped roughly in three groups depending on the prevalent type of
reaction taking place:
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Table 2.1: Reactions involved in the hydration process of different binders (ac-
cording to Janz and Johansson 2002).
Binder Reaction Co-reagents Time scale
Cement Hydraulic Water Days
Lime Pozzolanic∗
Water+pozzolanic soil
or pozzolanic additives
Months
GGBF slag
Latent
hydraulic
Water+Ca(OH)2 from
e.g. cement or lime
Weeks
Fly ash and
silica fume
Pozzolanic
Water+Ca(OH)2 from
e.g. cement or lime
Months
∗An initial reaction forms Ca(OH)2, which then participates in pozzolanic
reactions. The strength gain is mainly due to secondary pozzolanic reactions.
 Fly ash from power and heating plants fuelled with pulverized coal.
a. hydraulic binders: finely ground inorganic materials which, when
mixed with water, form a paste which sets and hardens by means
of hydraulic reactions and processes and which, after hardening,
retains its strength and stability even under water (EN 197-1, 2011);
b. latent hydraulic binders: finely ground inorganic material which have
to be activated with e.g. calcium hydroxide released by the hydra-
tion of Portland cement or lime in order to react;
c. pozzolanic materials (pozzolanas): siliceous or alumino-siliceous mate-
rials that, in finely divided form and in the presence of moisture,
chemically react at ordinary temperatures with calcium hydroxide
released by the hydration of Portland cement or lime to form com-
pounds possessing cementing properties. The calcium hydroxide is
required throughout the reaction process.
The most important binders and SCMs used in ground improvement
along with the corresponding hydration mechanisms and estimated time
scales taken for the associated strength-enhancement of the soil fabric are
presented in Table 2.1.
A general overview of the main reaction processes occurred when typ-
ical binders are mixed with soils is reported in Figure 2.1.
The ability of a substance to act as a hydraulic binder essentially de-Hydraulic binders
pends on its aptitude to react with water to a sufficient extent and at
a sufficient rate and to yield to the formation of solid products of very
low solubility and of adequate mechanical strength, volume stability, and
other necessary properties. The reactivity of binders is mainly based on
the mechanism of chemical reactions with water and, in particular, on the
reactivity of the oxygen atoms towards attack by protons in the water,
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Figure 2.1: General outline of the main binder-soil interaction processes.
which depends, in turn, on their basicity1, i.e. on the electronegativities2 pH is defined as the
negative logarithm
of the concentration
of hydrogen ions.
Acids are
characterized by
concentration of
hydrogen ions
greater than 10−7
moles per litre, so
pH is less than 7.
of the atoms with which they are associated (Taylor, 1997). From this re-
action mechanism it is possible to understand why some phases are more
or less reactive than others. Many variables are involved in the hydra-
tion process and these effects are often difficult or impossible to control
independently. These include:
• chemical composition (e.g. the ratio of lime to silica, CaO/SiO2) and
polymorphic change;
• concentrations and types of defects (e.g. mechanical stresses, micro-
cracks);
• particle size distribution and specific surface of binder grains;
• textural features, such as crystalline size and morphology (e.g. mono-
or polycrystalline nature of the grains);
• influences of reaction products.
As stated by Taylor (1997), the relatively high reactivity of the clinker
material may be related to its semiconducting properties and to disor-
der arising from the complex ionic substitutions due to the presence of
defects.
1 The Brønsted-Lowry definition for acid is here assumed: an acid is defined as a substance
which can act as a proton donor. Conversely, bases are proton acceptors. Therefore, in
this case, water can be considered acting as a Brønsted acid, as it donates protons to the
negative charges localized on the oxygen atoms of binder crystalline structures.
2 Electronegativity is a chemical property that describes the tendency of an atom or a
functional group to attract electrons (or electron density) towards itself (Nic et al., 2006).
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Table 2.2: Chemical formulae and cement chemistry abbreviated notations of
the most important phases found in cementitious materials.
Phase Chemical formula Notation
Alite Ca3SiO5 C3S
Belite Ca2SiO4 C2S
Aluminate Ca3Al2O6 C3A
Aluminoferrite Ca4Al2Fe2O10 C4AF
Gyspum CaSO4· H2O CŠH2
Bassanite CaSO4· 0.5H2O CŠH0.5
Anhydrite CaSO4 CŠ
Portlandite Ca(OH)2 CH
Calcium silicate hydrate (CaO)x(SiO2)y· z(H2O) C-S-H
Ettringite Ca6Al2(SO4)3(OH)12· 26H2O C6AŠ3H32
Monosulfoaluminate Ca4Al2(SO4)(OH)12· 6H2O C4AŠH12
C = CaO; F = Fe2O3; S = SiO2; A = Al2O3; Š = SO3; H = H2O
Phases normally contained in binding agents and in the hydration
products generated from hydraulic and pozzolanic reactions are often ex-
pressed as sums of oxides, even though this does not imply any presence
of separate oxides within the structure. The main cementing compounds
consist, prevalently, of calcium and siliceous phases with smaller amounts
of aluminium, iron, and other elements.
A specific cement chemistry notation (Table 2.2) is commonly used to
abbreviate the formulae of oxides to simple letters.
Figure 2.2 shows a three-phase diagram in which the typical relative
proportions of CaO (C), Al2O3 (A), and SiO2 (S) of various binders and
other possible inorganic mineral additions (e.g. slag, fly-ash, gypsum) are
represented.
Depending on the type of phases composing the binder, different hy-
dration heat is expected to be generated during the reaction process. The
slaking of quicklime produces, in general, higher amount of heat than
cement and cement-based binders containing SCMs.
Temperature has a large effect on the rate of reaction, especially in theHeat of hydration
earlier stages of hydration, being much less important thereafter. First at-
tempts to take into account curing temperature in the estimate of strength
of cement pastes can be attributed to Nurse (1949) and Saul (1951). How-
ever, the so-called maturity functions based on this concept have proved
to be of limited validity. In fact, increase in curing temperature acceler-
ates hardening at first stages, but generally reduces the ultimate strength
(Skalny and Odler, 1972) due, at least in part, to microstructural changes
in the paste, e.g. encapsulation of the cement grains by a thin product
layer of low porosity which retards or prevents further hydration (Verbeck
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Figure 2.2: Relative percentages of CaO, SiO2, and Al2O3 in most common
binder and mineral additions used in ground improvement works
(Åhnberg, 2006b).
and Helmuth, 1969) and leaves the material more porous and weaker at
the end of the curing period. Nevertheless, the reactions of fly ash, slag
and other pozzolanic or latent hydraulic materials are considerably accel-
erated by increasing temperature to a greater extent than those of clinker
phases (Taylor, 1997).
The rise in temperature is directly related to the quantity of reactive
phases and to the associated specific hydration heats, as well as to the
boundary conditions at the surface of the mass involved in the process.
For these reasons, the effect of heat generation is usually more significant
in the field with respect to the laboratory, where samples are small and
stored at constant temperature.
In order to directly compare the heat evolution in stabilized soils, it
is possible to use adiabatic devices (e.g. Åhnberg et al., 1994) in which
temperature can rise independently of boundary conditions. Under the
hypothesis of no thermal exchanges between the treated soil mass and
the surrounding environment, the maximum heat gradient at a certain
time, ∆Tt,ad, can be expressed as a function of the total amount of heat
generated up to that moment, Qt, using the following relationship:
Qt = ∆Tt,ad · ρ · cs (2.1)
where ρ and cs are, respectively, the volumetric mass (kg/m3) and the
specific heat (kJ/(kg·◦C)) of the treated soil. Qt is, in turn, associated
with the binder unitary heat developed at the same time, qt, and the
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binder dosage, α. Therefore, the increment of temperature in adiabatic
curing conditions at a predefined time is given by
∆Tt,ad =
α · qt
ρ · cs (2.2)
Inside massive treated structures, like those often constructed by DMMs,
curing environment can be approximately regarded as adiabatic. Hence,
adiabatic laboratory curing and testing apparatus can allow to effectively
take into account the actual temperature effect occurring at the site.
In the literature, also the effects of chemical admixtures on strength
and permeability properties of stabilized soils have been investigated (e.g.
Brandl, 1981; Broderick and Daniel, 1990; Stepkowska, 1994; Rajasekaran
et al., 1996; Al-Tabbaa and Evans, 1999; Freer-Hewish et al., 1999; Siva-
pullaiah, 2000; Åhnberg et al., 2003; Modmoltin and Voottipruex, 2009; Je-
gandan et al., 2010), even if these findings are still research topics which
have not found wide practical application.
2.2 soil mineralogy and fabric
In geotechnical engineering soils are mainly classified in two great groups,
namely granular (or cohesionless) soils and cohesive soils. While the for-
mer may be considered as relatively inert, with interactions that are preva-
lently physical in nature, the second are greatly influenced by physico-
chemical mechanisms between aggregates and between aggregates and
the surrounding environment. Although a soil mass is normally treated
as a continuum, its properties are directly related to the size and shape
of the particles, their arrangement, and the mutual forces acting on them.
Therefore, chemical and physical processes assume a predominant role in
the definition of strength, permeability, and compressibility of a soil.
In the following, a brief description of the fundamental principles at the
base of soil chemistry and mechanics are provided according to Mitchell
and Soga (2005).
2.2.1 Basic concepts
Soil can generally be defined as a complex, heterogeneous, and polyphaseDefinition of "soil"
material composed of solid aggregates or singular mineral particles of
different chemical nature and origin interacting with each other and with
the fluid phases (gas and/or liquid) in which they are immersed.
Many interatomic bonds in soil minerals involve several types of an-
ions and cations and both the bond angles and atomic size are important
factors to take into account. Anions are usually larger than cations be-
cause of the presence of more electrons in the outer shells and, thereby,
the repulsion between cations is greater than between anions.
The number of nearest neighbour anions that a cation may possess in aDefinition of
coordination number crystalline lattice is termed "coordination number", N. Possible values of
N in solid arrangements are 1 (trivial), 2, 3, 4, 6, 8, and 12.
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The ratio of the valence of the cation to the corresponding N is a valu-
able indicator of the relative bond strength, which, in turn, is associated
with the stability of the structure.
One of the most important types of structures in soil chemistry is that Silicate structures
provided by silicates. Due to the small size and relatively high charge
concentration of silicon atoms, N is usually found equal to 4, thus leading
to the generation of the typical tetrahedral geometry originated when it
combines with oxygen, being the silicon located in the space at the centre
of the tetrahedron formed by the four oxygen atoms. Strong repulsion
exists between silica tetrahedra and, as a results, they join only at the
corners, sometimes not at all. Many crystal structures are possible and,
consequently, a large number of silicate minerals can be observed in soils:
• Island silicates: also known as independent silicates, are simple tetra-
hedra not joined to each other, but bonded to other positive ions in
the crystal structure.
• Ring and chain silicates: consist of a sequence of silicate tetrahedra
sharing corners. Pyroxene minerals belong to this class. Double
chains can also be formed from the coupling of two individual se-
ries, as in amphiboles.
• Sheet silicates: occurred when three or four oxygens of each tetrahe-
dron are shared. Micas, chlorides, and many of the clay minerals
are examples of this type arrangement.
• Framework silicates: developed when all four the corners are shared
with other silica tetrahedra. Quartz and feldspar are the most com-
mon framework silicates: the former with grouped tetrahedra form-
ing spirals, the latter having some of the silicon positions filled
with aluminium which entails an excess negative charge balanced
by cations of high coordination (e.g. K+, Ca2+, Na+, Ba2+).
Larger specific surfaces3 are, thus, typical of cohesive soils and a more
significant influence of the surface forces on hydro-mechanical properties
and behaviour is expected if compared with that of granular materials.
Soil particles can be arranged in different ways providing different Soil fabric
fabrics. The term "fabric" refers to the arrangement of particles, particle
groups, and pore spaces in a soil. When several aspects, such as composi-
tion, fabric, and interparticle forces, are taken into account in the study of
soil microstructure, it is however preferable to use the term "structure".
From a general standpoint, three main types of fabric elements have
been defined in the past (Collins and McGown, 1974):
• Elementary particle arrangements: single forms of particle interaction
at the level of individual grains.
3 Specific surface is defined as the total surface area of a particle per unit of mass, solid or
bulk volume.
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• Particle assemblages: complex and heterogeneous particle organiza-
tions having definable boundaries and consisting of one or more
forms of elementary particle arrangements.
• Pore space: voids within the soil fabric filled with gas or fluid phases.
Pore space can be further grouped in four types:
• Intra-elemental pores: occurring within the various elementary parti-
cle arrangements and including interparticle pores.
• Intra-assemblage pores: embracing pores within particle assemblages
(either between sets of elementary particle arrangements or between
smaller particle assemblages contained within the assemblage).
• Inter-assemblage pores: occurring between individual particle assem-
blages of any level of complexity.
• Trans-assemblage pores: can be identified by those pores traversing
the soil fabric without any specific relationship to the occurrence of
the individual micro-fabric features.
Basing on the scale of interest and on the desired level of detail in per-
forming the investigation, micro-, mini-, and macro-fabric can be defined
and may significantly influence important properties such as hydraulic
conductivity.
2.2.2 Soil mineralogy
2.2.2.1 Granular soils
Physical and chemical properties of granular soils are intrinsically associ-
ated with their mineral composition.
Most of the time, granular soils are derived from the weathering pro-
cess of pre-existing rocks and soils, so their mineral structure resemble
that of their ancestors, often of igneous origin and prevalently composed
of feldspar (about 60%), pyroxenes and amphiboles (about 17%), quartz
(about 12%), and micas and other minerals. Nevertheless, the most abun-
dant mineral in soils is by far quartz, due to the higher stability and the
absence of cleavage planes or weakly bonds of its tetrahedral structure,
which increase notably its hardness and strength.
Small amounts of feldspars and micas are also present in natural soils.
While feldspar have an open structure with low bond strengths between
units caused by the incorporation of large cations of high coordination
number in the framework structure, micas have structures formed by oc-
tahedral and tetrahedral staked sheets held together by potassium ions
in 12-fold coordination, that provide weak electrostatic bonds. These min-
eralogical features are responsible for the lack of abundance of feldspar
and micas in soils and for the high compressibility/swelling behaviour of
sands and silts containing only few percent of mica.
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Carbonate minerals, such as calcite and dolomite, can possibly be en-
countered as bulky particles, shells, precipitates, or in solution.
2.2.2.2 Other nonclay soils
Other types of soils different from clay minerals are those obtained by
biogenic and geochemical processes. In some cases, their presence can be
detrimental for cement-based constructions and, for this reason, a brief
presentation is given in the following.
Evaporite deposits were formed by precipitation of salts from lake and
sea basins after the evaporation of water. Salts, especially chlorides, can
seriously affect the performance of concretes due to the lowering of the
pH of the cement paste and causing potential corrosion of reinforcements.
Many limestones were formed by precipitation or from the remaining
of various organisms and may suffer dilution problem due to their great
solubility.
Marl were formed by biochemical processes and its chemical composi-
tion varies from pure calcite to mixtures with mud and organic matter.
Diatomite is composed of pure silica from skeletal remains of small (up
to few tenths of a millimetre) freshwater and salt-water organisms.
Pyrite soils can produce, under oxidation/reduction conditions, mate-
rials containing FeS2, which can induce several problems especially when
concretes and steel structures are installed into the ground.
Finally, peaty soils, found especially in the Nordic countries, derive
from decayed vegetation and are difficult to treat and stabilize as they
may present water contents of 1000% and more.
2.2.2.3 Cohesive soils
Cohesive soils are mainly identified by clay minerals belonging to the
phyllosilicates family, characterized by a layered structure that may con-
tain silicate sheets of various types. They form small particles with a resid-
ual negative charge on their surface typically balanced by the absorption
of cations from solution.
Different clay mineral groups can be defined depending on the stack-
ing arrangement of the sheets, being silica sheets (silica tetrahedra ar-
ranged in hexagonal net), octahedral sheets (sheet structure composed of
magnesium and aluminium in octahedral coordination with oxygens and
hydroxyls), gibbsite sheets (dioctahedral sheets in which only trivalent
cations, prevalently Al3+, are present), and brucite sheets (trioctahedral
sheets in which only divalent cations, prevalently Mg2+, are present) the
most common.
Significant variations occur in chemical composition and in isomor-
phous substitution4 within the crystal structure. Furthermore, differences
also arise due to the specific bonding between individual layers. When
4 Isomorphous substitution occurs when ions of one species take the place of another type,
having either the same or different valence, but the same crystal structure.
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a single plane of atoms are common to both tetrahedral and octahedral
sheets, it is regarded as integral part of the clay mineral unit. Even if
this type of bonding is very strong, other ones exist and, in some cases,
are sufficiently weak to make the clay behaviour sensitive to changes in
environmental conditions.
As already noted, all the clay minerals are organized in particles having
a net negative charge due to isomorphous substitutions, with possible ex-
ceptions mainly represented by kaolinite crystals. This charge imbalance
provokes the attraction of exchangeable cations that are held between the
layers and on the surfaces and edges of the particles. The quantity of
exchangeable cations attracted is termed the "cation exchange capacity",
CEC, and is usually expressed in milliequivalents (meq)5 per 100 g ofCation Exchange
Capacity dry clay. Differences in CEC can be attributed to differences in the de-
gree of crystallinity, surface area, and presence of impurities (Mathew
and Narasimha Rao, 1997).
According to Marshall (1964), phyllosilicates layers can be stuck to-
gether by five types of interlayer bonding:
1. van der Waals forces: weak bondings holding two neutral layers.
2. Hydrogen and van der Waals bondings: stable in the presence of wa-
ter and developing between two opposing layers of oxygens and
hydroxyls or hydroxyls and hydroxyls.
3. Hydrogen bondings: may be formed when neutral silicate layers are
separated by highly polar water molecules.
4. Cationic bondings: bondings provided by cations needed for electri-
cal neutrality and positioned in such a way that they may control
interlayer connections.
5. Polar bondings: low-strength bondings occurring when the surface
charge density of clay particles is moderate, allowing the absorption
of polar molecules (as water) by silicate layers and the consequent
hydration of the possible adsorbed cations. This results in layer sep-
aration and expansion.
Simplified representation of the mineral structure of the predominant
clay minerals encountered in soils are presented in Figure 2.3.
The study of the mineralogical structures of the principal clay groups
are essential to understand the most important effects of soil-binder inter-
action on mechanical and hydraulic properties of stabilized soils. Differ-
ent behaviours are expected depending on the the type of sheets, bond-
ings, cation exchange capacities of these materials.
5 Equivalent - eq - is a unit of amount of substance used in chemistry. The equivalent is
formally defined as the amount of substance which will either react with or supply one
mole of hydrogen ions (H+) in an acid-base reaction or one mole of electrons in a redox
reaction (Nic et al., 2006).
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Figure 2.3: Simplified pattern for predominant mineral clays (modified from
Mitchell and Soga 2005).
kaolinite-serpentine . Kaolinite-serpentine mineral is composed
of alternating silica and octahedral sheets having the interplane atoms
in common. If the octahedral layer is brucite, then a mineral of the ser-
pentine group results, whereas dioctahedral gibbsite sheets give kaolinite
minerals. The bondings between single units may be both van der Waals
forces and hydrogen bonds, which are sufficiently strong to prevent in-
terlayer swelling when clay particles come in contact with water. Poorly
crystallized kaolinite generally forms less distinct hexagonal plates with
respect to the well-defined six-sided plates appearing in well-crystallized
particles.
CEC values in the range of 3 to 15 meq/100 g have been measured
confirming that a net negative charge can be found on kaolinite surfaces.
Lower CEC is measured in acid environments, which also invert the net
charge of the particles’ edges from negative to positive. As no interlayer
separation occurs, exchangeable cations must be adsorbed on the exterior
surfaces and edges of kaolinite aggregates.
smectite . Smectite minerals have a structure similar to that of py-
rophillite (Figure 2.3) characterized by an octahedral layer having each
of its main atomic planes in common with the tips of two silica sheets
placed, respectively, above and below. Van der Waals forces and cations
balancing charge deficiencies hold together smectite units that, due to the
low strength of these bondings, can be easily separated by cleavage or
absorption of water or other polar liquids.
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Extensive isomorphous substitutions takes place in smectite crystals.
In particular aluminium in the octahedral sheet may be replaced by mag-
nesium, iron, zinc, lithium and other cations. The resulting structures
may be almost dioctahedral (montmorillonite) or trioctahedral (saponite).
Charge deficiencies caused by isomorphous substitutions are balanced by
exchangeable cations located between units and on the surface of parti-
cles. This is confirmed by the high CEC measured in smectite minerals,
usually in the range of 80-150 meq/100 g.
Montmorillonite may assume the form of equidimensional and very
thin flakes that are transformed into needle-shaped particles when large
amounts of Mg2+ and Fe3+ take the place of Al3+. Specific surface areas
of smectite can be very large, typically comprised between 50 and 120
m2/g.
A particular type of montmorillonite very used in civil engineering forBentonite
its thixotropic properties and high expansive behaviour when exposed to
water is bentonite. It is a high colloidal, expansive alteration product of
volcanic ash and can have liquid limit of more than 500%.
muscovite , illite , and vermiculite . Illite is the most common
clay mineral present in soils. Its structure, like that of muscovite and ver-
miculite, is relate to that of several arrangements of mica. The basic struc-
ture resembles that described above for pyrophyllite (octahedral layer
sandwiched between to silica sheet), but the substitution of about one-
fourth of the silicon positions in favour of aluminium produces a charge
deficiency balanced by potassium ions in 12-fold coordination between
units.
While muscovite (white mica) is dioctahedral (only Al3+ in the octahe-
dral layer), phlogopite (brown mica) and biotite (black mica) are triocta-
hedral (octahedral position filled by only Mg2+ in the first case, mostly
by Mg2+ and Fe3+ in the second).
Illite differs from muscovite because there are fewer Al3+ substitutions
and possible presence of Mg2+ and Fe3+ in the structure, some random-
ness in the stacking of units, and less potassium between layers. In addi-
tion, illite forms smaller flaky particles than other mica subgroups.
The structure of vermiculite is composed of stacked biotite mica layers
bonded by double molecular layers of water, whose thickness depends on
the cations balancing the charge deficiencies of the biotite units.
CEC of illite is rather smaller than that measured in smectite, due to the
strong non-exchangeable potassium bonding the layers. Values ranging
from 10 to 40 meq/100 g can be determined, but they increase up to
about 150 meq/100 g in the absence of fixed potassium.
Contrarily, vermiculite is affected by interlayer exchangeable cations
and a high exchange capacity, amounting to 100-150 meq/100 g. Possible
expansion of vermiculite minerals can be detected when exposed to moist
air at room temperature.
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Typical values for specific surface areas of illite and vermiculite are,
respectively, 65-100 m2/g and 40-80 m2/g.
other types . An other important clay subgroup is that of chlorite
minerals. The structure of these clays are composed of an alternating
sequence of mica-like and brucite-like layers (Figure 2.3). Often, partial
replacement occurs in the trioctahedral layers. CEC of chlorides ranges
from 10 to 40 meq/100 g. Chlorite particles assume the aspect of micro-
scopic grains of platy morphology and poorly defined crystal edges.
Interstratification of two or more layer types can normally be detected
in clay particles, forming the so called mixed-layer clays. The most com-
mon mixed-layer structures are montmorillonite-illite, and also chlorite-
vermiculite and chlorite-montmorillonite.
2.2.3 Typical fabrics of granular and cohesive soils
Gravel, sand, and nonplastic silt may be treated as relatively inert and
characterized by agglomerations of independent units, whose properties
are primarily related to the single particle size, shape, surface texture, and
to the grain size distribution. Clean sands and gravels are, furthermore,
composed of single grain arrangements.
More complex systems are those involving mixtures of coherent and
incoherent materials, mainly due to the various particle associations in
which clay minerals can be encountered.
A basic classification of clay fabric derived from deposition of clay min-
erals in water is illustrated in Figure 2.4 and can be described as follows:
1. Dispersed: no face-to-face association of clay particles;
2. Aggregated: face-to-face (FF) association of several clay particles;
3. Flocculated: edge-to-edge (EE) or edge-to-face (EF) association of ag-
gregates;
4. Deflocculated: no association between aggregates.
Different combinations of basic fabric types can be observed in natural
soils and a number of additional terms (e.g. cardhouse, domain, turbo-
static, bookhouse, cluster) have been introduced to identify similar fea-
tures (Sides and Barden, 1971; Collins and McGown, 1974). It should be
noted that these arrangements are directly related to the mineralogy and
net electrical forces between elementary units.
2.2.4 Fundamentals of double-layer theory
In order to neutralize the electronegativity of clay particles, cations are
tightly attracted on their surfaces. However, when water is present, a
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(a) (b)
(c) (d)
(e) (f)
(g)
Figure 2.4: Modes of particle aggregations: (a) dispersed and deflocculated; (b)
aggregated but deflocculated (face-to-face association, or parallel
or oriented aggregation); (c) edge-to-face flocculated but dispersed;
(d) edge-to-edge flocculated but dispersed; (e) edge-to-face floccu-
lated and aggregated; (f) edge-to-edge flocculated and aggregated;
(g) edge-to-face and edge-to-edge flocculated and aggregated. Modi-
fied from Van Olphen (1977).
cation diffusion process starts to act to equalize concentrations through-
out the pore fluid. These coupled and opposing phenomena produces a
ion distribution adjacent to a single clay particle in suspension similar to
the conditions reported in Figure 2.5.
The charged surface and the distributed charge in the adjacent phaseDefinition of
”diffuse double layer” are together named the "diffuse double layer". The theory describing the
ionic distribution around clay aggregates and the repulsive and interac-
tion forces between colloidal particles, as well as their stability, is gener-
ally referred to as the DLVO theory, from the initials of the researchers
Derjaguin and Landau (1941) and Verwey and Overbeek (1948) who have
extended the original formulation developed by Gouy and Chapman.
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(a) (b)
Figure 2.5: Diffuse double layer: (a) distribution of ions adjacent to a clay surface;
(b) concentration of ions as function of the distance from the surface
(modified from Mitchell and Soga 2005).
The double layer theory can be regarded as reasonably acceptable for
smectite particles suspended in monovalent electrolyte solutions at very
low concentration. Despite various limitations affect the prediction of
the actual behaviour of most other types of clay, this theory is useful
to understand several aspects of physico-chemical forces of interaction,
aggregation, flocculation, dispersion, and deflocculation of clays and the
relationships of these processes to soil structure formation and compres-
sion/swelling mechanisms.
The diffuse double layer theory is based on several assumptions, which Hypothesis for the
planar diffuse double
layer theory
for planar (one-dimensional) surfaces can be summarized as follows:
1. ions are point charges and there are no interaction between them;
2. charge is uniformly distributed on the surface;
3. the particle surface is significantly large if compared to the thickness
of the double layer;
4. the permittivity6 of the medium in which the particles are immersed
and the double layer is defined independently of position.
The DLVO theory is based on the Boltzmann equation for the definition
of the concentration of ions, ni (ions/m3), of type i in a force field:
ni = ni,0 · exp
(
Ei,0 − Ei
kB · T
)
(2.3)
where the subscript "0" represents the reference state, taken to be at a
large distance from the surface, E is the potential energy, T is the tem-
6 The permittivity is a measure of the ease with which molecules can be polarized and
oriented in an electrical field.
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perature (K), and kB is the Boltzmann constant (1.38 · 10−23 JK−1). The
potential energy can be expressed as
Ei = vi · e− · ψ (2.4)
in which vi is the ionic valence, e− is the electronic charge (1.602 · 10−19C),
and ψ is the electrical potential at a point7. At the reference state Ei,0 =
0, because ψ = 0 at a large distance from the surface. Contrarily, the
absolute maximum value of the electrical potential is observed on the
particle surface and is termed ψ0. Due to the negative charge of the clay
boundary, also ψ0 is negative. By substituting Equation (2.4) into Equation
(2.3), it is possible to write a relationship between concentration of ions
and electrical potential:
ni = ni,0 · exp
(−vi · e− · ψ
kB · T
)
(2.5)
Furthermore, potential, charge, and distance are reciprocally connected
by the Poisson equation, which, in one-dimension, is given by
d2ψ
dx2
= −ρe
ω
(2.6)
where x is the distance from the surface (m), ρe is the charge density
(C/m3), and ω is the static permittivity of the medium (C2J−1m−1 or
Fm−1). In the diffuse double layer, ρe is described by the following equa-
tion:
ρe = e− ·∑
i
vi · ni (2.7)
which, substituting ni with Equation (2.5), can be rewritten as
ρe = e− ·∑
i
vi · ni,0 · exp
(−vi · e− · ψ
kB · T
)
. (2.8)
The incorporation of Equation (2.8) into Equation (2.6) finally gives
d2ψ
dx2
= − e
−
ω
·∑
i
vi · ni,0 · exp
(−vi · e− · ψ
kB · T
)
. (2.9)
Equation (2.9) is the differential equation for the electric double layer ad-
jacent to a planar surface. When single cation and anion species of equal
valence are considered, Equation (2.9) can be simplified to the Poisson-
Boltzmann equation:
d2ψ
dx2
= −2n0 · v · e
−
ω
sinh
v · e− · ψ
kB · T (2.10)
in which v = v+ = v− and n0 = n+0 = n
−
0 .
7 The electrical potential ψ is defined as the work to bring a positive unit charge from a
reference state to the specified point in the electric field.
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It is worth noticing that the constant surface charge density generally
encountered in clay particles is determined by the amount of isomor-
phous substitution occurring in their structures and is proportional to
the ratio between the corresponding CEC and specific surface.
The solution of Equation (2.10) provides a roughly exponential decay
of potential with distance from the surface. A measure of the "thickness"
of the double layer is represented by the distance x = 1/K, where K can
be defined as
K2 = −2n0 · v
2 · e− 2
ω · kB · T sinh
v · e− · ψ
kB · T . (2.11)
This characteristic distance is associated with the position of the centre of
gravity of the diffuse double layer charge, which is computed by:
ρe = −
∫ ∞
0
ρe dx. (2.12)
The solution of Equation (2.12) is:
ρe = (8 · n0 ·ω · kB · T)0.5 sinh z2 (2.13)
where
z =
v · e− · ψ0
kB · T . (2.14)
For small values of ψ0, Equation (2.13) reduces to
ρe = ω · kB · ψ0. (2.15)
Despite the useful results provided by the previous equations related to
a single diffuse double layer (Mitchell and Soga, 2005), the actual condi-
tions in most clay systems involve interacting double layers from parallel
flat plates, separated by a distance 2d, as shown in Figure 2.6. Here, the
potential function, y, given by
y =
v · e− · ψ
kB · T , (2.16)
at the midplane is denoted by u. For limited interactions (large d, high n,
high v, or small ψ0), u is approximately equal to the sum of the double
layer potentials at distance d computed from Equation (2.9). The corre-
sponding ionic concentrations can be obtained from the Boltzmann equa-
tion:
n− = n0 · exp(u) (2.17a)
n+ = n0 · exp(−u) (2.17b)
When water is present, values of particle separation distance normally
observed range from 1.7 to 10.0 nm, which are well within the range
where interactions can be considered important.
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(a) (b)
Figure 2.6: Interacting double layers from parallel flat plates: (a) potential, y, and
(b) charge concentration, n (modified from Mitchell and Soga 2005).
From Equation (2.11), it is possible to express the double layer thickness
as
1
K
=
(
ω0 · D · kB · T
2 · n0 · e2 · v2
)1/2
(2.18)
where ω0 is the permittivity of vacuum (8.8542 · 10−12 C2 J−1m−1) and D
is the dielectric constant given by the ratio of the electrostatic capacity of
two condenser plates separated by a certain material to that of the same
condenser with vacuum between the plates.
Equation (2.18) shows that the thickness varies inversely with the va-
lence and the square root of the concentration and directly with the
square root of the dielectric constant and temperature. A brief descrip-
tion of these effects is given in the following.
It should be emphasized that a higher thickness of the diffuse double
layer tends to reduce the flocculation of clay particles in suspension and
to increase the swelling pressure in expansive soils.
electrolyte concentration : 1/K ∝ 1/
√
n0
An increase in the electrolyte concentration, n0, other factors (e.g. sur-
face charge) remaining constant, reduces the work necessary to bring a
single point charge from a reference distance to the particle surface and
provokes a much more rapid decay of ψ with distance, as well as a reduc-
tion of the midplane concentration, u. The diffuse layer becomes thinner
and, at the same time, the inter-particle repulsive forces decrease. This
facilitates the flocculation of clay particles in suspension.
cation valence : 1/K ∝ 1/v
The introduction of multivalent cations to water-clay-monovalent elec-
trolyte systems has a significant influence on the diffuse double layer
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interactions, since a higher valence causes a decrease in both surface po-
tential, ψ0, and thickness. The presence of multivalent cations usually im-
poses severe limitations on the reliable and quantitative applicability of
the DLVO theory.
dielectric constant : 1/K ∝
√
D
The dielectric constant influences both the surface potential and the
diffuse layer thickness. According to Equation (2.13), an increased sur-
face potential occurs when molecules in solutions are more difficult to
be polarized, i.e. when D reduces. Thus, the limited permittivity of the
interposed medium yields to a decrease of the repulsive forces and, con-
sequently, to a reduction in the double layer thickness.
Even though water is the usual pore fluid encountered in natural soils,
other substances can replace it in particular contexts, such as contami-
nated sites. Here, the influence of the dielectric constant is expected to
be more severe, especially when clay particles are in contact with non-
aqueous-phase liquids or chemicals characterized by a much lower D.
temperature : 1/K ∝
√
T
Equations (2.11) and (2.13) show how temperature influences both sur-
face potential and dielectric constant, all other factors remaining constant.
Nevertheless, the net effect of the product DT on the diffuse double layer
may be considered negligible.
As noted earlier, the theory of the diffuse double layer is a valuable tool
for the prediction of ionic distributions adjacent to clay particles, floccu-
lation/deflocculation mechanisms, swelling phenomena, and the effects
of pore fluid compositional changes under certain hypotheses. Nonethe-
less, several limitations exist, in particular related to factors which are not
taken into account, e.g. pH, ion size, particle interference, and interaction
forces. For these reasons, the DLVO theory provides reasonable results
only for freely swelling clay systems of very fine clay particles with mono-
valent ions, such as Na and Li montmorillonite. In particular, pH plays a
very important role in the behaviour of clay suspensions, especially kaoli-
nite, since it significantly affects the surface potentials of particle surfaces.
For example, a low pH promotes positive edge to negative surface interac-
tion, often leading to flocculation. However, on small-thickness-to-length
ratio clay minerals, its effect may be regarded as modest.
Repulsive forces derived from the double layer theory strongly depend Interaction forces
on the osmotic pressure difference midway between particle surfaces re-
ferred to that in the equilibrium solution, which, in turn, is directly con-
nected to the difference in the number of ions in the two regions.
On the other hand, van der Waals electromagnetic forces act between all
units of matter and produce attraction between colloidal particles. These
forces rely upon the distance between two adjacent planes and on the
dielectric constant of the fluid medium between them.
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Figure 2.7: Repulsion, attraction, and net energy curves for parallel flat planes
(modified from Mitchell and Soga 2005).
Repulsive and attractive forces can be combined in order to determine
curves of net energy of interaction (Figure 2.7) as a function of distance.
While the energy of repulsion is sensitive to changes in electrolyte concen-
tration, cation valence, dielectric constant, and pH, the attractive energy is
affected mainly by variations in the dielectric constant and temperature.
If repulsive forces dominate the interaction mechanism, particles in sus-Conditions for
flocculation pension are prevented from close approach, and the suspension is stable.
When repulsive energy barriers do not form, particles can easily come
into proximity and flocculation may result.
2.2.5 General considerations on cation exchange in clayey soils
In order to balance their charge deficiency, clay minerals may adsorb dif-
ferent types of cations depending on the environmental conditions at
which they are exposed. The adsorbed cations can later be replaced by
ions of other types as a result of exchange reactions promoted in response
to environmental variations. These reactions can considerably affect the
physico-chemical properties of clays, although they do not ordinarily alter
the original structure.
The most common adsorbed cations in residual and non-marine sedi-
mentary soils are calcium, magnesium, sodium, and potassium, while in
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marine clays sodium represents the dominant cation. The most common
anions are sulphate, chloride, phosphate, and nitrate.
Cation exchange capacity of clays may be classified in three forms, i.e.
isomorphous substitution, broken bonds (major source of cation exchange
of kaolinite structures), and replacement of the hydrogen of an exposed
hydroxyl, in function of the actual environmental conditions.
The cation exchange capacity is directly related to the specific surface
and surface charge density of the clay particles. Furthermore, cations of
one species can easily be replaced by other abundant types having higher
valences and smaller sizes. In this respect, trivalent cations can substitute
divalent cations which, in turn, may replace monovalent cations. How-
ever, substitutions can occur also by mass action, independently of the
replacing power.
The rate of exchange is mostly based on clay type, solution concentra-
tions, and temperature. In kaolinite reactions are almost instantaneous,
whereas longer times are necessary in illite and, even more, in smectite,
where the major part of the exchange capacity is located in the interlayer
regions.
2.3 binders
The main aspects concerning the production and chemical composition
of the most important hydraulic binders and mineral additions are pre-
sented in the following sections.
2.3.1 Lime
The term "lime", unfortunately, assumes different meanings in different
contexts. For instance, in agriculture it refers to calcium carbonate, while
in engineering applications it can be associated with calcium oxide and
calcium hydroxide.
The original rocks from which lime is derived are typically limestone
or chalk, prevalently composed of calcium carbonate (calcite – CaCO3).
The limestone extracted from quarries or mines may be cut, crushed or
pulverized and chemically altered. Part of this material is then selected ac-
cordingly to its chemical composition and granulometry and subjected to
calcination (heating) at temperatures somewhat over 1000◦C. The proce-
dure converts the natural stone into highly caustic material named "quick-
lime" or "burnt lime" (calcium oxide – CaO) according to the reaction:
CaCO3 + heat→ CaO + CO2 (2.19)
Important properties of burnt lime that can affect its effectiveness as
binder are the degree of calcination and the particle size distribution. The
degree of calcination depends on the amount of CO2 removed from the
limestone during the heating process. A distinction exists in the literature
between hard-burnt and soft-burnt, but these terms are relative and not
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specific definitions are given. Hard-burnt lime is characterized by higher
density and lower porosity and specific surface, and is therefore less reac-
tive than soft-burnt lime. The reactivity of CaO is then strongly influenced
by its particle size distribution, with finer-grained particles reacting more
quickly with water.
A typical lime composition, expressed in term of oxides, appears as
follows: 94% total CaO (90% available for hydration reactions), 1.5% SiO2,
0.8% Al2O3, 0.4% Fe2O3, 1.7% MnO and 1.6% of other components (mainly
K2O and Na2O).
Quicklime is most frequently used for lime stabilization in Europe,
while slaked lime is more often used in the United States (Bell, 1988).
Both can be used in combination with mineral additions to serve specific
applications.
2.3.2 Cement
Portland cement, also referred to as Ordinary Porland Cement (OPC),
is by far the most common type of binding agent in civil engineering
applications. It is an hydraulic binder customarily produced by finely
grinding limestone, with a smaller amount of clay and shale and, possibly,
one or more corrective constituents. According to EN 197-1 (2011):Definition of
Portland Cement
Portland cement clinker is a hydraulic material which shall con-
sist of at least two-thirds by mass of calcium silicates (3CaO·SiO2
and 2CaO·SiO2), the remainder consisting of aluminium- and iron-
containing clinker phases and other compounds. The ratio of CaO to
SiO2 shall not be less than 2.0. The magnesium oxide content (MgO)
shall not exceed 5.0% by mass.
The raw materials initially are subjected to a series of crushing, milling,
and blending stages, which yield an intimately mixed and dry raw meal,
with a customary grain size smaller than 90 µm. Afterwards, the raw
meal passes through a pre-heater for less than a minute and leaves it at a
temperature of about 800◦C. Frequently, also a pre-calciner is used before
entering a rotary kiln. The raw material enters at the upper end of the kiln,
commonly 50-100 m long, sloping 3-4% and rotating at a few revolutions
per minute, and then moves in the opposite direction to the hot gases
generated by a flame at the lower end, where a maximum temperature of
1450◦C is reached.
At the end of this phase8, solid clinker nodules (3-20 mm in diameter)
are formed and are subsequently mixed with small amounts of calcium
sulphates (gypsum, bassanite, anydrite) to control the setting and the in-
8 Reactions in the kiln are roughly divided in three classes according to Taylor (1997): a)
reactions below ≈ 1300◦C (calcination of carbonates and decomposition of clay minerals);
b) reactions between 1300 and 1450◦C (clinkering phase); c) reactions during cooling (for-
mation of the main clinker phases). Rapid cooling is fundamental in order to achieve a
high quality product.
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fluence of strength development and then finely ground (typically below
100 µm), obtaining the final Portland cement.
Other inorganic additions, such as waste materials or industrial by- Composite cements
can be produced for
slower and decreased
heat evolution,
improved durability,
or very high
strength, as well as
for ground
improvement
applications.
products) can be ground together with the clinker and take part in the
hydration reactions. The addition of SCMs is convenient not only from
an environmental and cost-effective point of views, but also allows to
manufacture binder characterized by specific properties necessary for par-
ticular purposes.
In accordance with EN 197-1 (2011), cements are subdivided in five
main classes depending on their composition:
cem i Ordinary Portland cement composed of clinker and up to
5% of minor additional constituents.
cem ii Portland-composite cement with a clinker content of at least
65%. The remaining constituents determine several subclasses:
• Portland slag cement (S): there are two further designation based
on the amount of slag added, i.e. 6-20% (II/A-S) or 21-35%
(II/B-S).
• Portland silica fume cement (D): Portland cement added with 6-
10% of silica fume (II/A-D).
• Portland pozzolana cement: two types of pozzolanas can be mixed
with the Portland clinker, i.e. natural (P) or calcined (Q), in
two different ranges of percentages, namely 6-20% (A) and 21-
35% (B). Thus, four denominations are possible: II/A-P, II/B-P,
II/A-Q, and II/B-Q.
• Portland fly ash cement: two types of fly ash can be mixed with
the Portland clinker, i.e. siliceous (V) or calcareous (W), in
two different ranges of percentages, namely 6-20% (A) and 21-
35% (B). Thus, four denominations are possible: II/A-V, II/B-V,
II/A-W, and II/B-W.
• Portland burnt shale cement (T): there are two further designa-
tion based on the amount of burnt shale added, i.e. 6-20%
(II/A-T) or 21-35% (II/B-T).
• Portland limestone cement (T): four designation are defined de-
pending on the amount of lime introduced, i.e. 6-20% (II/A-L
or II/A-LL) or 21-35% (II/B-L or II/B-LL).
• Portland composite cement (M): amounts of several mineral addi-
tions can be blended with the clinker in a percentage of 6-20%
(II/A-M) or 21-35% (II/B-M).
Secondary constituents, such as fillers, are allowed up to 5% by
mass.
cem iii Blastfurnace cement composed of clinker and higher percent-
ages of blastfurnace slag, ranging between 36-65% (III/A), 66-
80% (III/B), and 81-95% (III/C).
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cem iv Pozzolanic cement in which up to 55% is composed of poz-
zolanic constituents (silica fume, pozzolanas, or fly ash). Two
designations are provided: IV/A (11-35% of mineral additions)
and IV/B (36-55% of mineral additions).
cem v Composite cement obtained from mixing Portland clinker (20-
64%) with blastfurnace slag (18-50%) and pozzolanas (18-50%).
Two subclasses are defined basing on the combination of slag
and pozzolanas adopted, i.e. V/A (slag: 18-30% - pozzolanas:
18-30%) and V/B (slag: 31-50% - pozzolanas: 31-50%)
A typical chemical composition of an ordinary Portland clinker, ex-
pressed in term of oxides, appears as follows: 67% CaO, 22% SiO2, 5%
Al2O3, 3% Fe2O3, and 3% of other components (mainly SO3, MgO, Na2O
and K2O). The content of MgO is usually limited to 4-5%, because quanti-
ties of this component in excess of about 2% can occur as periclase (mag-
nesium oxide), which through slow reaction with water can cause de-
structive expansion of hardened concrete. Free lime (calcium oxide) can
behave similarly.
Four major phases can be identified in clinker granules, namely alite,
belite, aluminate and ferrite phases.
alite . Alite is the major constituent of all normal Portland cement
clinkers and is generally present in amounts of about 50-70% by mass.
It is a tricalcium silicate (Ca3SiO5) modified in composition and crystal
structure by incorporation of foreign ions. The most significant substitut-
ing ions are Na+, K+, Mg2+, Fe3+ for Ca2+ and Al3+, P5+, S6+ for Si4+
which represent impurities, in term of oxides, that can be approximately
quantified in 3-4%. These ionic substitutions are necessary to stabilize the
structure of high-temperature polymorphs at ambient temperature. XRD
and optical evidence indicates that the commonest polymorph is typically
monoclinic M3 (Taylor, 1997). Alite reacts relatively quickly with water
and in normal Portland cements is the main responsible for strength evo-
lution, especially at short-term curing times. About 70% of alite reacts in
the first 28 days and nearly all by one year.
belite . Belite is a dicalcium silicate (Ca2SiO4) modified in structure
and composition by ionic substitutions and generally is present as the β
polymorph. It constitutes about 15-30% of Portland clinker. Foreign ions,
such as Fe3+, Al3+, K+, Mg2+, S6+, are needed to preserve higher tem-
perature polymorphs which cannot normally exist on cooling to room
temperature and to prevent the detrimental "dusting" phenomenon (pro-
gressive cracking of belite crystals and formation of a more voluminous
powder) induced by the transformation from monoclinic β-C2S to the
less dense orthorhombic γ-C2S. Even if the contribution of belite to the
strength gain of cement pastes is slower during the first 28 days, it in-
creases significantly with time and after one year it is expected to be
equivalent to that provided by C3S under comparable conditions.
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aluminate phases . The aluminate phase can be present in Port-
land cement clinkers in percentages ranging from 5 to 10%. It is a tri-
calcium aluminate (Ca3Al2O6) extensively modified in composition and
sometimes in structure by incorporation of foreign ions, especially Fe3+,
Si4+, K+, Na+. Pure C3A has a cubic symmetry and does not exhibits
polymorphism. C3A structure can incorporate 2Na+ in substitution of
Ca2+ with the incorporation of a Na+ in an otherwise vacant site. Sub-
stantial proportions of the aluminium in the structure can furthermore be
replaced more frequently by Fe3+, Si4+ and other ions causing the trans-
formation of the crystal system from cubic to orthorhombic. Both cubic
and orthorhombic lattice systems of the aluminate phase can be found in
ordinary clinkers. C3A reacts very rapidly with water and can provoke
an undesired rapid setting which can effectively be controlled by the ad-
dition of a set-retarder, regularly Ca-sulphate (e.g. gypsum), to the raw
clinker.
ferrite phases . Tetra-calcium alumino-ferrite (Ca2AlFeO5), or sim-
ply ferrite, is composed of up to 5-15% of normal Portland cement clink-
ers and is characterized by an orthorhombic structure, which can undergo
significant modifications in composition due to variations in the Al/Fe ra-
tio and ionic substitutions. Ferrite and aluminate phases are often closely
mixed together. The typical composition of ferrite phases differs markedly
from that of C4AF due to the incorporation of about 10% of other oxides
and the much lower content of Fe2O3, as Fe3+ is customarily replaced
by Mg2+, Si4+, Ti4+, Mn3+. Ferrite has limited effect on the mechanical
properties of hydrated cement pastes and, moreover, the rate at which it
reacts with water is somewhat variable, basing on the above mentioned
differences in composition and other features. In general, the reaction rate
is high at early stages and lower at long curing periods. Ferrite is also
the main responsible for the normal dark colour of ordinary Portland
cements.
A back-scattered electrons micrograph of a polished surface of a clinker
nodule embedded in a epoxy acquired using an electronic microscope is
shown in Figure 2.8. Alite appears as subhedral to anhedral crystals ap-
proximately 20-60 µm in size, while belite is represented by rounded crys-
tals gradually consumed in the reaction process with CaO to form alite.
The interstitial fine grained phases surrounding alite and belite grains are
mainly aluminate and ferrite (Parisatto, 2011).
2.3.3 Blastfurnace slag
Blastfurnace slag is a by-product of the iron industry formed from rapid
cooling of the liquid at 1350-1550◦C composed of a combination of the
siliceous constituents of the iron ore with the limestone flux used for
smelting iron (Sherwood, 1993). Slow cooling produces a crystalline ma-
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Figure 2.8: SEM-BSE micrograph of a clinker nodule. The largest, subhedral
crystals are associated with alite whereas belite is represented by
well-rounded grains, slightly darker than alite. The interstitial, fine-
grained brightest phases correspond to aluminate and ferrite (from
Parisatto 2011).
terial having virtually no cementing properties and, thus, inadequate for
soil stabilization purposes. Conversely, sufficiently rapid cooling to be-
low 800◦C gives a wet, sandy material which when dried and ground is
named ground granulated blastfurnace slag. It is a vitreous (often contain-
ing over 95% of glass), highly reactive latent hydraulic binder with com-
positions (depending on that of the ore) broadly intermediate between
pozzolanic materials and Portland cement. For these reasons, GGBF slag
is generally used as mineral addition in combination with other binders.
Typical contents of the predominant phases in terms of oxides are: 30-
50% CaO, 27-42% SiO2, 5-33% Al2O3, 0-21% MgO. Other minor phases
are present in variable concentrations.
When combined with ordinary Portland cement, slag reacts consider-
ably slower than alite, and strength gain is therefore slower, especially
when high proportions of slag are used. Generally, if compared with pure
OPC pastes, lower strengths are achieved after 28 curing days in slag ce-
ments, but an increase in strength can be observed at longer times.
The suitability of a slag as latent hydraulic binder relies mainly on
its reactivity, which, in turn, is principally related to the glass composi-
tion and bulk composition of the crystalline particles, the glass content,
and the fineness of the material. Besides these factors, also structural and
electronic defects (Taylor, 1997), as well as environmental and activation
conditions (Puppala et al., 2003), greatly affect the rate of reaction.
The addition of GGBF slag may be useful to obtain a better durability
of cement-based structures (e.g. slag inhibits swelling in clays contain-
ing sulphates), but a slower formation of early-age hydration products is
expected when higher amounts are used (Jegandan et al., 2010).
2.3 binders 51
2.3.4 Fly ash
Fly ash is the filter dust separated from the flue gas of power and heating
plants fuelled with pulverized coal. The chemical and phase composition
vary widely with the combustion process and the minerals associated
with the coal used. In particular, two types of pulverized fly ash (PFA)
can be obtained depending on the crystalline content and composition:
anthracitic or bituminous coals give ashes high in glass and low in CaO,
whereas lignites and sub-bituminous coals provide ashes higher in CaO
and also in crystalline phases. In this respect, according to the Ameri-
can designation, PFA are identified by Class C and Class F when the
(SiO2+Al2O3+Fe2O3) content is respectively below (high-CaO PFA) and
above (low-CaO PFA) 70%.
An example of the chemical composition of a Class F-PFA is as follows:
3-7% CaO, 40-55% SiO2, 20-30% Al2O3, 5-10% Fe2O3, 1-4% MgO and other
minor phases.
The main factors determining the suitability of a PFA to be used as
SCM, are the amount of unburned carbon, the ability to decrease the wa-
ter demand, and, primarily, its pozzolanic activity. The degree of poz-
zolanic activity is an important factor for the evolution of long term
strength and progressive decrease in permeability.
Unburned carbon may interfere with the action of some concrete ad-
mixtures and, hence, its content should be limited.
An enhanced workability of concrete can be attained if good quality
Class F-PFA is added to Portland cement, due to the smooth and spher-
ical particles composing the ash and to the slower rate of formation of
hydration products observed. Furthermore, a reduction in the water con-
tent of the mixture is expected since ashes can contain hollow spheres
and spongy material.
It is worthy to note that fly ashes have a retardant effect on the forma-
tion of alite hydration products at early stage, which, however, is acceler-
ated in the middle stages. This accelerating effect is presumably due to
the provision of additional nucleation sites on the fly ash particles. Even if
the reaction rate of aluminate and ferrite seems to increase in the presence
of PFA, a marked reduction of belite consumption occurs afterwards.
The reactivity of PFA is mostly based on the glass content, specific
surface area, glass composition, and possible crystalline inclusions. Other
factors, such as relative humidity (RH), temperature, and alkali content
of the cement can significantly affect the development of PFA hydration.
PFA used as mineral addition has the ability to prevent sulphate heave
in the stabilization of sulphate bearing clays.
2.3.5 Natural pozzolanas
Natural pozzolanas are prevalently volcanic materials showing cementi-
tious properties when properly activated.
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Volcanic deposits can be found in both consolidated (tuff) and uncon-
solidated state and can be characterized by various chemical alteration.
In order to be used as pozzolanic materials, they have to contain active
constituents, i.e. glass high in silica or zeolites, or both. Inactive minerals
and organic substances interfering with the setting or strength gain may
also be present.
Heat-treated clays, including crushed bricks or tiles, can further be used
as pozzolanas and are referred to as "artificial pozzolanas".
2.3.6 Silica fume
Silica fume (also known as "microsilica") is a by-product of the silicon and
silicon alloys production composed of an amorphous polymorph of SiO2.
During the reduction of quartz in an electric furnace, some SiO is lost as
a gas and ionized by the air, giving spherical particles of glass, typically
around 100 nm in diameter. Silica contents of up to 98% can be contained,
but proportions of about 86-90% are more common.
Reactivity of silica fume depends mostly on the type and nature of
impurities rather than on the fineness or SiO2 content. Good-quality silica
fume has small particle size and high pozzolanic activity (Taylor, 1997).
Due to the high specific surface of SiO2 spheres, the addition of silica
fume is limited by the high water demand. More flexibility is possible
when superplasticizers are also used.
Silica fume are usually incorporated in high performance concrete and
may provide several effects:
• strong pozzolanic reaction;
• accelerated reaction of clinker phases;
• filling of spaces between clinker grains and, consequently, produc-
tion of a denser paste.
• densification of the interfacial transition zone (ITZ) between cement
paste and aggregates.
All these physico-chemical processes result in an increased strength and
in a reduction in permeability.
2.3.7 Cement kiln dust
Cement kiln dust (CKD) is a by-product created during the manufac-
ture of Portland cement. CKD particles are collected from cement kiln
exhausted gases and are composed of entrained grains of clinker, unre-
acted and partially calcined raw materials, and fuel ash enriched with
alkali sulphates, halides, and other volatiles (Corish and Coleman, 1995).
Despite some of this dust is recycled and added to the cement manu-
facturing, some has to be disposed in hazardous landfills. According to
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Jegandan et al. (2010), 30 million tonnes of CKD is generated worldwide
every year.
A wide range of chemical composition can be observed in CKD, de-
pending on the proportions of the raw materials, type of kiln, fuel, pro-
cessing efficiency, and dust collection equipment. However, CKD gener-
ally contains reactive calcium hydroxide, alkaline sulphates and carbon-
ates (Freer-Hewish et al., 1999). Due to the high alkaline content, CKD
can be potentially used to activate latent hydraulic binder such as GGBF
slag (Konsta-Gdoutos and Shah, 2003).
2.4 hydration
The hydration of hydraulic binders is a very complex chemical process
that entails a number of reactions and kinetics which become even more
complicated when several components and phases are investigated at the
same time (Lusvardi et al., 2007). For this reason, the analysis of simpli-
fied subsystems represents a valuable approach to study the hydration of
a binder.
Despite the different constituents involved, the underlying principles
are basically the same, with the dissolution of anhydrous phases pro-
voking to the precipitation of much less soluble products forming the
hardened paste9.
The "setting" process is the results of a change from concentrated sus- Setting
pension of flocculated particles to a visco-elastic skeletal solid capable of
supporting limited stress. It can be monitored by rheological measure-
ments and typically occurs within a few hours.
The continuous formation of the solid framework by means of physico- Hardening
chemical processes is called "hardening" and leads to the development of
the final mechanical strength of cement pastes.
The hydration can proceed for years, until either one of the reactants
(binder and water) is completely consumed or the space to deposit new
hydration products is totally filled. Several factors can affect the curing
conditions, being the water-to-cement ratio, the particle size distribution,
the mixing procedure, the temperature and the relative humidity of the
curing environment, and the presence of admixtures the most significant.
2.4.1 Hydration of lime
Hydration of quicklime is denoted by the following strong exothermic
reaction which results in the production of slaked lime:
CaO + H2O→ Ca(OH)2 (∆H = −63.7 kJ/mol) (2.20)
Slaked lime alone does not develop any strengthening mechanism and,
therefore, no setting and no hardening are expected. A significant in-
9 Paste: a mixture of cement and water in such proportions that setting and hardening
occur.
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crease in strength and the formation of the typical cementing products
take place only when lime comes in contact with pozzolanic materials
(e.g. PFA, natural pozzolanas, etc.), according to
Ca(OH)2 + pozzolana + H2O→ C-S-H/C-A-S-H, (2.21)
or in the case of ion exchange. Mineral dissolution, which strongly de-
pends on the pH value of the pore solution containing soluble calcium,
occurs initially at the edges of the crystalline structure, producing sol-
uble aluminium and silicon. Thus, the soluble calcium is consumed by
the reaction with the newly dissolved ions to give cementitious materials.
To notice that differences in the composition of reaction products exist
between different types of soils owing to the relative positions of silicon
and aluminium in the crystal lattices.
Slaked lime, if exposed to air, reacts with carbon dioxide to re-form
calcium carbonate. This process, named "carbonation", is described by
Ca(OH)2 + CO2 → CaCO3 + H2O (2.22)
and produces a strength gain which is independent of pozzolanic reac-
tions and which is typical of mortars and renders (Janz and Johansson,
2002). Due to this sensitivity to atmospheric moisture and carbon diox-
ide, special care must be taken during the transport and storage of lime.
In this respect, Rogers et al. (1997) showed that the freshness of quicklime
is an important factor affecting the performance of treated soil.
From Equation (2.21), lime can be considered an effective binder for sta-
bilization/solidification treatments of soils partly composed of minerals
having pozzolanic properties, e.g. active clays. No useful purposes can
be served in granular soils or in those containing small amount of co-
hesive materials. Silica and calcium carbonate in the form of quartz and
calcite, in fact, are much less reactive than silicate minerals due to their
more crystalline structure. In these types of soils, therefore, an addition
of supplementary cementitious materials is required.
Lime reacts with all clay groups, even if much rapid reactions involve
minerals with higher proportions of available silica surfaces. Due to its
mineral structure, the greater surface area, and the higher cation exchange
capacity, montmorillonitic clays are expected to be more reactive than
illite and chlorite, which, in turn, react quicker than kaolinite (Boardman
et al., 2001).
The formation of hydration products last until water is present and pH
value is sufficiently high. For maximum reactivity pH should remains
at around 12.3-12.4 (Bell, 1996). These conditions guarantee the continu-
ous transportation of calcium and hydroxyls ions from the bulk solution
to the particle’s surface. Lime diffuses in the soil system due to the dif-
ference in lime concentration gradient between the injection point and
the surrounding media. The Ca2+ ions, provided by dissolution in wa-
ter of CaO according to Equation (2.20), migrate driven by the force of
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attraction caused by the negative oxygen charges left on the clay parti-
cle’s surface after the dissociation of the hydrogen of SiOH groups at the
edge of the tetrahedral layers composing the mineral structure of the soil
(Rajasekaran and Narasimha Rao, 1997). This type of negative charge is
called "variable" or "pH-dependent charge", as the amount of dissociation
increases with increasing pH (Mathew and Narasimha Rao, 1997).
The presence of silicon and aluminium in solution at early times after
mixing may be an indicator of complete cation exchange between the soil
and the pore solution (Boardman et al., 2001).
Generally, four basic physico-chemical mechanisms are regarded as re-
sponsible for the modification of soil-lime mixtures (Bell, 1988; Hunter,
1988):
1. cation exchange;
2. flocculation/agglomeration;
3. carbonation;
4. pozzolanic reactions.
The first two reactions, along with the drying action of lime slaking
(Rogers et al., 1997), lead to an immediate improvement in soil plastic-
ity, workability, uncured strength, and load deformation properties (Lo-
cat et al., 1990; Bell, 1996). A rapid replacement of fine clay particles for
larger silty and sandy grains occurs simultaneously. This agglomeration
process gradually slows down and after 45 days can be considered con-
cluded (Rajasekaran and Narasimha Rao, 1998). The third reaction forms
weak cementing agents and its role in changing the soil properties is
still not clear (Sivapullaiah, 2000). Liska and Al-Tabbaa (2009) proposed
accelerated carbonation as a rapid curing procedure for stabilized clay
samples. Finally, pozzolanic reactions yield to the gradual formation of The pozzolanic
reactions are
strongly
temperature
dependent
cementitious hydrated calcium silicate of variable composition and to the
corresponding long-term increase in strength and improved deformation
behaviour of treated soils. A modification in the micro-pore network is
also observed (Locat et al., 1996).
It is worth noticing that a certain percentage of quicklime is required to
saturate the pore solution of calcium ions, necessary for the satisfaction of
the ion exchange affinity of clay particles. Cations are therefore adsorbed
by clay minerals until this affinity is achieved and, consequently, they are
not available for other reactions. As this amount of lime is temporarily
"fixed" in the soil, this process has been referred to as lime fixation, and the Lime fixation point
corresponding lime percentage as lime fixation point (LFP). This quantity
is directly related to the relative amount of clay minerals in the soil and to
their cation exchange capacities. Nagappa and Ramesh (2011) have shown
recently that LFP depends further on the moulding water content.
LFP also represents the optimum addition of lime needed for maxi- Lime modification
optimummum modification (minimum plasticity) of soils (Bell, 1996) and, for this
reason, some authors referred to it as lime modification optimum (LMO)
56 binder-soil interaction mechanisms
(McCallister and Petry, 1992). In addition, LMO corresponds to the maxi-
mum increase in hydraulic conductivity (Locat et al., 1996).
Beyond LFP, lime is available to increase the strength of the soil. Nor-
mally, the optimum addition of lime for maximum modification of the
soil ranges between 1% and 3% (Bell, 1996; Rogers et al., 1997), whereas
the amount of lime necessary to attain the maximum shear strength is
about 6-7% (McCallister and Petry, 1992).
On the other hand, Rogers et al. (1997) suggested a different parame-
ter named initial consumption of lime (ICL) to denote the lime percentage
that ensures a pH of 12.4, normally assumed to indicate ionic saturation.
Thus, ICL tests may be used to determine the minimum quantity of lime
required for an adequate stabilization (Boardman et al., 2001).
2.4.2 Hydration of Portland cement
2.4.2.1 Hydration of silicate phases
The hydration of clinker silicates (alite and belite) produces two main
phases, calcium hydroxide (also known as portlandite, CH) and a nearly
amorphous calcium silicate hydrate (C-S-H) having the aspect of a rigid
gel. The term "C-S-H" is commonly used in cement chemistry because
the calcium silicate hydrates derived from C3S and β-C2S hydration have
variable stoichiometry and cannot be related to a particular composition;
the dashes are thus necessary due to the fact that CSH denotes material
specifically of composition CaO·SiO2·H2O. C-S-H provides the most im-
portant contribution to the strength gain of clinker cement at short curing
times.
Conversely to what observed in pure C3S pastes, where CH usually
forms euhedral platy crystals in young pastes and more massive and un-
defined structures in pores of older pastes, a small fraction of the CH in
cement pastes is crypto-crystalline and intimately mixed with the C-S-H.
Nevertheless, similar kinetics and hydration mechanisms can be recog-
nized in both pure C3S and cement pastes.
When anhydrous clinker grains come in contact with water, an ex-Inner and outer
product tremely fine-pored gel, named "inner product", starts to develop in-situ
around the particles. A more open texture composed of fibres radiating
from the anhydrous granules characterizes the "outer product" originated
in the water-filled space between grains.
Four morphological types of C-S-H gel can be distinguished using elec-Types of C-S-H
tron microscope on fracture surfaces of cement pastes (Diamond, 1976):
type i : fibrous material (fibres up to 2 µm) detectable prevalently at
early ages.
type ii : represented by honeycomb or reticular networks, recently re-
garded as a normal early product.
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type iii : assumes the aspect of massive and tightly packed grains com-
posed of interlocked and interleaved thin foils. It is prominent
at late stages of hydration.
type iv : even more structureless and massive than type III, it is the
typical inner product recognized in older pastes.
It should be emphasized that C-S-H in a cement paste can form only
if a sufficient porous structure is created. This implies that there exists a
minimum water-to-cement ratio required in order to achieve a complete
hydration. For typical Portland cements, it is 42-44% referred to the ig-
nited mass.
The rate of hydration, both for total cement and single phases, can be
followed by monitoring the heat evolution during the reaction process
using an isothermal calorimeter or by measuring the rate of release of
Ca2+ into solution.
According to Kondo and Ueda (1969), the hydration of calcium silicate
phases can be described by five consecutive stages:
1. initial reaction;
2. induction period;
3. acceleratory period;
4. deceleratory period;
5. slow reaction.
While the first two periods can be associated with the early stage of
hydration of C3S, periods 3 and 4 correspond to the middle stage and
period 5 to the late stage.
During the initial reaction period, C3S dissolves and hydrated products
are deposited onto the unreacted particle surface forming an overlying
thin layer of about 1 nm in average thickness, which almost isolates the
C3S from the solution within 30 s.
The causes for the start and termination of the induction period are
still not clear, but experimental evidence supports the hypothesis that
the rate of reaction in the induction and acceleratory periods is directly
controlled by nucleation and growth of the C-S-H. At the beginning of the
induction period, C-S-H starts to grow and this provokes the vanishing
of the unstable thin layer of hydrated products initially formed, which
foster the access of solution to the C3S and increases its reactivity.
No evident distinction between the induction period and the early part
of the acceleratory period can be observed. An increasingly rapid disso-
lution of C3S and a corresponding growth of C-S-H along with a steadily
accumulation of Ca2+ and OH− ions in the bulk solution occur. When the
concentration of these species reaches a sufficient degree of supersatura-
tion, CH begins to precipitate. Smaller grains are believed to completely
react during this stage.
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In the the decelatory and final slow reaction periods, the remaining
grains of C3S are gradually consumed in favour of C-S-H. The kinetics
and hydration mechanisms of β-C2S are similar to those for C3S, apart
from the much lower rate of reaction and the much smaller content of
CH (Taylor, 1997).
Under ambient conditions, the hydration of alite and belite can be de-
scribed by the following reactions:
C3S + (3− x + m)H → CxSHm + (3− x)CH (2.23a)
C2S + (2− x + m)H → CxSHm + (2− x)CH (2.23b)
For solutions saturated in CH, x and m are respectively 1.7 and 4. Equa-
tions (2.23a) and (2.23b) can be rewritten as follows:
3C3S + 16H → 3C1.7SH4 + 4CH (∆H = −121 kJ/mol) (2.24a)
3C2S + 13H → 3C1.7SH4 + CH (∆H = −43 kJ/mol) (2.24b)
Due to the predominant presence of alite and belite in normal clinkers,
the hydration process of Portland cements are mainly influenced by the
reaction mechanisms described above.
2.4.2.2 Hydration of aluminate and ferrite phases
C3A is the most reactive clinker phase and greatly affects the setting and
the rheology of cementitious systems.
The chemical compositions of the aluminate and ferrite phases when in-
timately mixed with Portland clinker differ significantly from those char-
acterizing the pure compounds. The hydration of tri- and di-calcium sil-
icate, furthermore, influences the same environment in which aluminate
and ferrite react, so complex interaction phenomena arise.
When C3A is mixed with water at ordinary temperatures, an amor-
phous gel consisting of thin foils growing on the C3A surface is initially
produced. Its crystallinity increases with time and it forms at first AFm
phases such as C2AH8 and C4AH19, which are subsequently converted
into the more stable cubic structure of C3AH6 (hydrogarnet).
2C3A + 27H → C4AH19 + C2AH8 (2.25a)
C4AH19 + C2AH8 → 2C3AH6 + 15H (2.25b)
The hydration of C3A is slightly retarded in the presence of CH and the
products originated are essentially the same, even if smaller AFm crystals
can be detected and neither C3AH6 nor other hydrogarnet phases are
formed under ordinary environmental conditions.
In general, aluminate and ferrite phases do not contribute notably to
the early strength development and, due to their high reactivity, cause
an undesired rapid setting of cement accompanied by strong exothermic
reactions. For these reasons, in ordinary Portland cements, Ca-sulphates
are added to retard setting and to reduce the corresponding rate of heat
evolution (Figure 2.9).
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Figure 2.9: Contribution to the strength development of cement pastes due to
the most important clinker phases (modified from Young 1985).
In this respect, the first stable product is a fibrous phase which grows
during the first ten minutes on the C3A surface, enhancing fundamentally
the early strength. This compound, named ettringite and belonging to the
AFt phase group, is formed according to the following reaction:
C3 A + 3CSˇH2 + 26H → C6ASˇH32 (∆H = −452 kJ/mol) (2.26)
After 24-48 h, the monosulphoaluminate (or monosulphate) gradually
starts to replace ettringite that becomes unstable due to the increase of
the available alumina to sulphate ratio with hydration time. This can be
explained noting that as soon as C3A comes in contact with water, most
of the sulphate can easily enter into solution while no initial access to alu-
mina (contained in the C3A grains) is available. Continued hydration of
C3A provokes the gradual release of alumina and the consequent increase
of proportion of monosulphate:
2C3A + C6ASˇH32 + 4H → 3C4ASˇH12 (∆H = −238 kJ/mol) (2.27)
Finally, monosulphate forms a solid solution with the isostructural com-
pound C4AH13:
C3 A + CH + 12H → C4AH13 (∆H = −314 kJ/mol) (2.28)
It is worth noticing that AFm phases constitute layer structures and
can have a wide range of chemical compositions, being the general for-
mula [Ca2(Al,Fe)(OH)6]·X·xH2O, where X represents one formula unit of
a singly charged anion or half a formula unit of a doubly charged anion.
The letter "m" in the AFm phrase stands for "mono", i.e. the presence of
a single X group in the formula. X can be replaced by many different
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anions, being OH−, SO2−4 , and CO
2−
3 the most important for Portland
cements. Furthermore, Cr3+ can substitute Al3+ or Fe3+.
Similarly to what previously reported for AFm, AFt can be identified
by the general composition [Ca3(Al,Fe)(OH)6·12H2O]2·X3 · xH2O where,
in this case, X is, prevalently, one unit of a doubly charged anion appear-
ing three ("t" in AFt means "tri") times in the formula. X can be most
frequently replaced by 2OH−, SO2−4 , and CO
2−
3 and substitutions of Fe
3+,
Mn3+, Cr3+, or Ti3+ in place of Al3+ are possible.
The typical structure of AFt phases are composed of hexagonal pris-
matic or needle-shape crystals which can be usually recognized using an
electron microscope.
The hydration of ferrite phases is very similar to that of aluminate and
leads to the formation of iron-substituted AFt and AFm phases. The rate
of hydration is high at early stages and then slows down, probably due
to the generation of a thin layer of iron hydroxide gel coating the ferrite
granules and acting as a hindrance for further reactions.
2.4.2.3 Overall hydration process
The hydration of ordinary Portland cements has been historically divided
into four or five stages basing on the experimental results obtained from
calorimetric curves (Figure 2.10) which, generally, confirm that the pro-
cess is mainly controlled by the reactions of silicate phases.
Similarly to the temporal sequence defined above for C3S and β-C2S,
Gartner et al. (2002) proposed the following cement hydration mecha-
nisms:
Figure 2.10: Isothermal calorimetry curve of the rate of alite hydration as a func-
tion of time (modified from Bullard et al. 2011).
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1 . initial reaction : first minutes, corresponding to wetting and
mixing. A rapid dissolution of free lime, sulphates, and aluminates oc-
curs with an immediate formation of AFt phases (initially as a gel layer),
while C3S grains start to hydrate on their surface. A large initial burst of
heat is produced mainly due to the dissolution of C3A and C4AF and,
secondarily, of C3S and CaO.
2 . period of slow reaction : often referred to as "dormant" or "in-
duction period". A gel made of C-S-H nucleates and the concentrations of
Si and Al in the pore solution decrease to very low levels. The nucleation
of portlandite also takes place. During this stage a low rate of heat evo-
lution is measured. Slow formation of early C-S-H and more AFt phases
leads to an increase in viscosity.
3 . acceleration period : corresponding to the setting and early
hardening. The hydration of C3S to form C-S-H and CH accelerates and
reaches a maximum with an increasingly heat flow. The rapid growth of
hydrates creates a reduction in porosity and the solidification of the paste
(early strength development).
4 . deceleration period : The rate of production of C-S-H and CH
from both C3S and β-C2S decreases. A renewed hydration of aluminates
generates AFm phases and AFt may dissolve or re-crystallize. The contin-
uous reduction in porosity due to the growth of hydration phases yields
to a gradual enhance in strength. The rate of reaction progressively slows
down but hydration can last for years, as long as reactancts and a suffi-
cient pore space for the deposition of reaction products are available.
Further interaction mechanisms may arise when mortars, concretes,
or, even worse, soil-cement mixtures are considered, due to the devel-
opments of bonds and reactions at the interface between the paste and
the soil aggregates. Despite numerous chemical admixtures are customar-
ily adopted in concrete manufacture (e.g. superplasticizers, air entraining
agents, retardants), they are still not widely used in deep mixing appli-
cations, even if several laboratory studies and researches have been per-
formed in this respect.
The decrease in permeability and the increased strength gained at long
ages are found to run parallel to the consumption of CH in pozzolanic
reactions of the type reported in Equation (2.21). The contribution of sec-
ondary formation of calcium silicate hydrates to the hydro-mechanical
behaviour of cement-based materials is, however, more limited than what
observed in lime, due to the reduced production of CH during the pri-
mary reactions. A more significant effect results when cement is partly
replaced by supplementary mineral additions, such as PFA, GGBF slag,
or pozzolanas.
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Similar considerations can be deduced for cement-treated soils, espe-
cially if originally composed of active clays behaving as pozzolanic mate-
rial.
2.4.3 Activation of supplementary cementitious materials
Supplementary cementitious materials are different from classic hydraulic
binders, since they do not react spontaneously with water.
When placed in water alone, latent hydraulic materials as GGBF slag,
even if containing lime, initially dissolve producing a protective film on
the granules low in Ca+ which inhibits further reactions. In order to con-
tinue the process, the pH of the solution has to be kept sufficiently high
and this is normally the case for the pore solution of a Portland cement.
The required hydroxyls are progressively supplied by the CH formed
from cement hydration.
On the contrary, pozzolanas do not contain lime at all, but have higher
content of active silica which can easily react with the CH produced from
external, either hydraulic or latent hydraulic sources. Nevertheless, the
secondary products obtained from pozzolanic reactions usually are char-
acterized by a lower CaO/SiO2 ratio with respect to those measured in
Portland cement hydrated phases.
2.5 main effects related to soil stabilization
Soil treatments cause alteration of the original hydraulic and mechanical
properties of soils. These modifications have been investigated in several
studies in the past and are still a research topic. A brief description of the
most important findings present in the international literature is given
in the following sections. Furthermore, the influence of parameters di-
rectly associated with the choice of the most adequate type and amount
of binder, such as the type of soil and its natural water content, is also
considered. The effects of mixing, curing, environmental, and testing con-
ditions will be dealt with in more details in the next chapter.
2.5.1 Effects on water content and plasticity
One of the most important effects resulting from binder treatment is cer-
tainly related to the opportunity of increasing the workability and reduce
the plasticity of very soft and heavy clayey soils. Different binders can be
used for this purpose, but lime seems to be the most effective stabilizing
agent (Croft, 1967b).
Different responses are generally expected by treating cohesive materi-
als of distinct mineralogy and crystalline structure, e.g. montmorillonite,
illite, kaolinite, etc.
Because of the strong exothermic nature of the hydration process (Sec-
tion 2.4), the considerable amount of heat generated immediately after
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binder addition contributes to the decrease of the natural water content,
wn, of the soil. This reduction (Kawasaki et al., 1981) is further enhanced,
especially when dry binders are added, by the introduction of a large
quantity of solid particles and, at longer curing stages, by the chemical
reactions taking place between the stabilizing agent and the natural ma-
terial.
The larger part of this decrease is during the first week (Chew et al.,
2004), but continues for up to at least one month. According to Åhnberg
et al. (2003), the total water content of the stabilized soil can be roughly
computed by
wT =
ρsoil
(
wn
wn + 1
)
− we α
ρsoil
(
1
wn + 1
)
+ (1+ we) α
(2.29)
where ρsoil is the bulk density of the unstabilized soil (kg/m3), wn is
the natural water content of the unstabilized soil, α is the amount of dry
binder added to the soil (kg/m3), and we is the content of non-evaporable
water of the hydration product with respect to dry binder weight, which
can be assumed to be approximately 0.23 in a hydrated cement, 0.30 in
lime, and 0.02 in fly-ash stabilized soils. This decrease in water content is
accompanied by an increase in strength and workability.
Other researchers (e.g. Asano et al., 1996) proposed similar relation-
ships to estimate the amount of water of the treated soil mass in the case
of wet mixing. In particular, Saitoh et al. (1996) suggested to determine
the amount of water for cement slurries by
wT = wn +
(
1
ρsoil
+
wn
100 · ρw
)
· w/c · α · 100 in % (2.30)
where ρw is the bulk density of water. Bergado et al. (2005) used the
following equation for the estimation of wT:
wT = wn + w/c · aw (2.31)
where w/c is the water-to-cement ratio of the binding slurry. The above
relations, however, disregard the amount of water lost in the hydration of
cement during slurry preparation. Equations (2.30) and (2.31) show that
an increased amount of water is present in the wet mixed soil due to the
contribution provided by the injected cementitious suspension. The total
amount of water used should be proportional to the amount of calcium
available (Chew et al., 2004) in order to ensure complete hydration.
Moreover, the previous estimations are only rough approximation of
the initial water content of the soil-binder mixture in its fresh state and
do not take into account possible reduction of wn due to the ongoing for-
mation of hydration products and corresponding consumption of water
(Hernandez-Martinez and Al-Tabbaa, 2005).
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Figure 2.11: Effect of percentage of lime on liquid limit (wL), plastic limit (wP),
and plasticity index (PI) of montmorillonite soils (modified from
Sivapullaiah 2000).
For this reason, in place of wT, Bergado et al. (2005) introduced the after
curing void ratio, e0,t, which takes into account the effects of the total water
and cement contents and of curing time:
e0,t =
(1+ wT) · Gs,t · γw
γsoil
− 1 (2.32)
where γw is the water unit weight and Gs,t the after curing specific gravity.
The variation in water content caused by binder addition is usually as-
sociated with a modification in plasticity of the natural material. As stated
before, different behaviours are expected for clays minerals according to
their microstructure, mineralogy, and cation exchange capacity. Sivapul-
laiah (2000) noticed that the liquid limit, wL, is primary controlled by
shearing resistance at the particle level and the thickness of the diffuse
double layer (see Section 2.2.4).
Addition of lime can bring about an increase or decrease in liquid limit,LIME
depending upon which interaction mechanism between the divalent cal-
cium ions and the clay particles dominates.
To determine the response in terms of Atterberg’s limits of differentLaboratory results
obtained by
Sivapullaiah (2000)
clays, Sivapullaiah (2000) performed many tests on Indian black cotton
soil (prevalently composed of montmorillonite) and kaolinite soil mixed
with lime. Additional tests were further carried out on black cotton soil
containing with varying percentages of fine content. The effects of both
lime content and curing time were investigated.
Treated montmorillonite soils showed an immediate reduction in wL
which gradually increased at longer ages due to flocculation mechanism
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Figure 2.12: Effect of curing time on the liquid limit (wL) and plasticity index (PI)
of kaolinite with 6% lime (modified from Sivapullaiah 2000).
(Figure 2.11). Plastic limit, wP, underwent an immediate increase by addi-
tion of 1% lime and remained substantially unaffected by further addition
of binder. Nevertheless, after one week, maximum modification occurred
at 4%. Finally, plasticity index, PI, decreased gradually with increase in
lime content up to 6%, after which PI slightly increased again. Therefore,
6% lime was assumed as LMO and was associated with the maximum
change in plasticity of the soil and with the higher pH value attained. PI
continuously increases with curing time due to the gradual increase in
wL.
In black cotton soils the predominant exchangeable ion was Na+, so its
exchange with calcium (cation exchange mechanisms) led to an immedi-
ate decrease in the diffuse double layer thickness and in the inter-particle
repulsion forces, further reduced by an increase in the electrolyte con-
centration (Section 2.2.4). The suppression of repulsive forces encouraged
the flocculation/aggregation process, which reduced the specific surface
area further reducing the water requirements of the double layer (Ra-
jasekaran and Narasimha Rao, 1996), but producing concurrently signif-
icant changes in fabric and in pore space. The effect of flocculation was
negligible at very short time after lime addition, becoming more marked
afterwards.
The response of kaolinite was essentially different from that observed
in montmorillonite clays (Figure 2.12). The liquid limit, in fact, increased
immediately and further increased with time. Since CEC was very low,
the depression of the double layer in kaolinite was considered insignifi-
cant and a reduction in wL was therefore improbable. On the other hand,
the change in wL with curing time was related to the flocculation mech-
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anism, which, however, caused only small changes in fabric due to the
original flocculated nature of kaolinite. Plastic limit showed an increase
with time comparable with that determined for wL and, consequently, a
fairly constant plastic index (Figure 2.12). Despite these modifications, the
effect of lime on kaolinite clays was limited and, even if provoking an in-
crease in liquid limit, did not adversely affect the overall response (nearly
unchanged plasticity).
Tests performed on black cotton soil characterized by different mont-
morillonite clay contents showed results in agreement with the previous
considerations, i.e. samples with higher fine content, FC, behaved simi-
larly to black cotton soil, whereas for samples prepared with a coarser
fabric (FC = 19%) much more affinities with kaolinite were noticed.
These findings emphasize the fundamental role of lime in decreasing
the plasticity of montmorillonite soils (both liquid limit and plasticity in-
dex are reduced due to the depression of the double layer) with a conse-
quent improvement in workability, which is only partially lost with time
owing to the gradual formation of flocculated fabric and the advance-
ment of pozzolanic reactions. The development of secondary minerals
from these reactions, indeed, both modifies the micro-pore network and
cements the large flocs so as to increase the surface tension and the capac-
ity of the soil (acting as a sponge) to maintain a high water content (Locat
et al., 1996).
Similar outcomes were deduced by other researchers, who confirmed
the rapid modification of plasticity properties of expansive clays when
subjected to lime attack, especially when an amount of lime equal to LMO
is added (e.g. Indraratna, 1996), and the formation of a flocculated fabric
with curing time (e.g. Croft, 1967b). Only inactive soils appear to become
even more plastic (e.g. Brandl, 1981; Bell, 1996; Wilkinson et al., 2010).
Bell (1988), noted that in kaolinitic soils, in some cases, wL may re-Laboratory results
obtained by Bell
(1988)
main unchanged and PI may decrease after lime treatment. Illite and
chlorite minerals treated with lime presented similar responses to mont-
morillonitic soils, even if a lower reduction in plasticity was measured. In
addition, a "good rule of thumb" in stabilization practice was proposed:
in order to obtain the maximum stabilization effect, 1% lime should be
used for each 10% of clay in the soil, with a threshold amount of 8%.
Boardman et al. (2001) recently investigated the effects of lime additionLaboratory results
obtained by
Boardman et al.
(2001)
and very long curing time on the plasticity properties of expansible and
non-expansible clays.
In kaolinite soils, an increase in plasticity with respect to the untreated
clay was recognized at 7 days for both the lime contents used for the
stabilization, i.e. 1.5% and 2.5%. After longer curing periods (up to 300
days), the plasticity index was found to decrease for both untreated and
treated soils, even if a larger reduction was determined for 2.5% lime.
In expansive soils, a significant decrease in PI at 7 days was present
only when relatively high lime contents were added, e.g. 7% lime. The
plasticity index, generally, showed a slight increase with long curing.
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The pH values resulting in these soils were similar to those seen in
kaolinite. In fact, the initial large difference between Ca2+ ion concentra-
tion induced by different lime contents reduces with time as the ions are
used up by pozzolanic reactions.
The introduction of cement can be regarded as producing similar effects CEMENT
as lime addition (Bell and Tyrer, 1989), increasing the plasticity (both wL
adn PI) of inert (quartz) or less reactive (kaolinite) soils and reducing that
of montmorillonite minerals (Croft, 1967a). In high plastic and organic
soils the liquid limit and plasticity index decrease after treatment (Åhn-
berg et al., 2003). However, from his experimental activity, Croft (1967a)
concluded that changes in expansive clay minerals treated with cement
were lower than those observed with lime and were not sufficiently large
to stabilize the clays in the presence of water. Besides, the greatest changes
after longer curing were detected in the less reactive materials.
Also in cement stabilization, the decrease in PI in expansive clays is
attributed to a reduction in the double water layer thickness due to ion
exchange, which promotes flocculation and agglomeration mechanisms
(Puppala et al., 2003).
Contrary to what noticed by Bell (1988), Modmoltin and Voottipruex
(2009) identified kaolinite minerals as more reactive than illite and chlo-
rite clays. Furthermore, in this study, the combined effect of ion valence
and ion concentration in depressing the thickness of the double layer
and in reducing wL was confirmed on Na- and Ca-bentonite treated with
cement. Moreover, an increase in plasticity of kaolinite occurred after sta-
bilization.
Modmoltin and Voottipruex (2009) suggested that valuable information
on the fabric of treated/untreated soils can be derived from the liquidity
index defined as
LI =
w− wL
PI
(2.33)
which is inversely related to the liquid limit. LI represents a measure of
the actual amount of water contained in the fabric of a soil-based material.
An increase in liquidity index increases the spacing between aggregations
and reduces the cementation bonds, leading also to a strength decrease.
Normally, the value of pH rises rapidly at low cement contents but
this gain levels off at relatively high proportions. At very high cement
contents pH approaches 12.5, which corresponds to that of Ca(OH)2 and
to that typically measured in lime stabilization (Chew et al., 2004).
Interesting outcomes obtained in non-expansible clays, such as Singa-
pore marine clay (predominantly quartz minerals with low fractions of
illite and kaolinite) are reported in Figure 2.13. The experimental data
show that the liquid limit increases with the amount of binder intro-
duced into the soil, especially at low percentages. Progressive deposition
of secondary cementitious products onto the surface of flocculated clay
clusters may lower their surface activity, producing a slight decrease in
wL at longer curing. Furthermore, an increase in particle diameter and
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Figure 2.13: Effect of cement content and curing time on Atterberg’s limit for
treated Singapore marine clay (modified from Chew et al. 2004).
a consequent reduction in specific surface are expected at higher cement
contents, thus explaining the higher value of wL at the lower amounts of
binder used.
The plastic limit also significantly increases both with cement content
and curing time, mainly due to the aggregation and cementation of par-
ticles into larger size clusters and water trapped within intra-aggregate
pores. The presence of intra-aggregate water increases the apparent wa-
ter content without really affecting the interaction between aggregates.
This results in a slight increase of the plasticity index (up to aw = 5%)
followed by a steady decrease at higher binder percentages. PI further
reduces with curing time.
According to Chew et al. (2004) the general trend appears to be one of
decreased liquid limit for highly plastic untreated soils and increased liq-
uid limit in soils of low plasticity, such as Singapore marine clay. In high
plasticity clays the dominant effect is due to the encapsulation of the clay
clusters by deposited cementitious products (agglomeration/flocculation
reaction lowering the liquid limit); in low plasticity clays, on the contrary,
the stronger inter-particle bonds and the entrapment of moisture in clay
particle flocs and clusters have the dominant effect (rise in the liquid limit)
(Wilkinson et al., 2010).
A reduction in plasticity of expansive soils can be achieved also by
mixing them with supplementary mineral additions, such as PFA and
GGBF slag. Higher reductions are expected for longer curing times and
higher binder dosage (Çokça, 2001; Puppala et al., 2003).
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Figure 2.14: Examples of compaction curves of treated clay containing 0, 3, and
6% of lime (modified from Bell 1996).
2.5.2 Effects on compactibility
Stabilized soils are usually compacted after treatment, especially in the
field of infrastructural engineering, in order to improve their response to
possible loads that will be applied afterwards. It is important to empha-
size that compaction should proceed immediately after mixing to attain a
higher level of performance, since the development of strength depends
upon the reduction of voids and the cementation between particles (Croft,
1967a). Different effects are obtained by compacting at the same com-
pactive effort various types of soil, due to their mineralogy, fabric, and,
consequently, affinity with water.
As far as lime stabilization concerns, most suitable conditions are repre- LIME
sented by heavy clay soils, which, once treated, become more friable and
easy to work and compact, although a higher permeability and lower
maximum density are customarily reached (Ingles and Metcalf, 1972).
Unlike cement, lime treatments tend to flatten the compaction curve.
Thereby, prescribed maximum dry density, MDD, can be achieved over a
much wider range of moisture contents. The optimum moisture content,
OMC, is moved towards higher values (Figure 2.14), enabling soils in
wetter than original conditions to be compacted satisfactory (Brandl, 1981;
Bell, 1988). The reduction in dry density could be due to an immediate for-
mation of cementitious products which reduce compactibility and hence
the density of the treated soil (Bell, 1996). Soil particles become floccu-
lated and coarser, both by cation exchange and flocculation/aggregation
phenomena. These processes lead to an increase in pore space volume
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Figure 2.15: Maximum dry densities and optimum moisture contents for com-
paction of mixtures of clay minerals and cement (modified from
Croft 1967a).
and in the size of voids, which gradually require more water in order to
be filled (Sivapullaiah et al., 1998).
Small lime additions are sufficient to produce significant effects, as lime
contents beyond LFP have proven to only slightly affect the compaction
curve (Sivapullaiah et al., 1998).
Higher compaction densities can be obtained in kaolinite rather thanInfluence of the
type of soil in expandable clay minerals, due to the higher demand for adsorbed and
lubrication water of the latter. Furthermore, in expandable soils the intro-
duction of lime may so distort the shape of the MDD-OMC curve that a
well defined maximum density cannot be recognized. The "reference dry
density" is then taken as that associated with the maximum strength in
the stabilized soil. Between clay minerals, quartz developed the highest
compaction densities. OMC is generally found to increase with increasing
clay fraction (Bell, 1988).
Immediate compaction after cement stabilization normally gives moreCEMENT
variable outcomes. First studies on compactibility of cement treated clays
showed that the addition of cement resulted in small increases in the com-
pacted densities (Brandl, 1981; Lade and Overton, 1989) with all clay min-
erals except montmorillonite, for which slight reductions were observed
(Figure 2.15) (Croft, 1967a).
Recent researches on compactibility of soil have focused on the use
of alternative binders to the more traditional ones for stabilization and
improvement purposes.
Using lime, PFA or GGBF slag, Indraratna (1996) measured a decreaseCOMBINATION
OF BINDERS in dry unit weight with an increase of mineral addition content in treated
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Figure 2.16: Compaction curves obtained for CKD-sand and OPC-sand mixtures
(modified from Al-Aghbari et al. 2009).
silty clay. This was partly due to the lower specific gravity of all the three
additives used when compared to that of the soil. In general, the OMC of
blended samples increased with the amount of mineral addition, except
in the case of fly ash where the effect on the OMC was negligible. In fact,
contrary to PFA, both lime and slag consumed water during hydration,
thereby increasing the OMC, which, again, can be considered an advan-
tage when working with wet fills making moisture control in the field
less critical.
PFA seemed the least effective additive in improving the compactibility
of blended specimens. Moreover, different PFA mixed with the same soil
yielded to different MDD and OMC values (Kaniraj and Havanagi, 1999).
Investigations on the effects of PFA addition to carbide lime - silty sand
mixtures showed a slight decrease in the OMC and a significant reduction
in the MDD caused by PFA addition with respect to the untreated soil
(Consoli et al., 2001).
One of the most promising supplementary cementitious materials from
both technical and economical point of view is cement kiln dust (see Sec-
tion 2.3.7). Several researches have proved the efficiency of CKD in stabi-
lizing prevalently non-plastic soils, in particular desert sand. The densi-
ties of blended samples were found to vary with the sand type and the
amount of CKD. Freer-Hewish et al. (1999) obtained a consistent increase
in OMC with increasing the CKD content, while an optimum percentage
of CKD was associated with a peak in MDD. This can be explained con-
sidering the size of CKD particles, which allows the filling of the voids
between sand grains up to a certain proportion, that, once overcome, pro-
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vokes a disruption of the granular structure of the sand causing the par-
ticles to "float" in the CKD.
According to Al-Aghbari et al. (2009), an amount of CKD up to 12%
may lead to a gradual increase in dry density due to its void filling action,
as reported in Figure 2.16. However, conversely to what stated by Freer-
Hewish et al. (1999), Figure 2.16 also shows how increasing contents of
CKD give slightly decreasing values of OMC.
2.5.3 Effects on compressibility
Soil stabilization produces considerable effects on the deformation re-
sponse of binder-soil mixtures, which may vary considerably depending
on the type of stabilizing agent used.
Generally, the compressibility behaviour can reasonably be considered
similar to that representative of an overconsolidated cohesive material
(e.g. Balasubramaniam and Buessucesco, 1989, 2005), especially at longer
curing time, with small volume changes at stresses lower than a well-
definable pre-consolidation pressure, named quasi-preconsolidation stress,
σ′qp (Åhnberg, 2006b), which is usually higher than that corresponding to
the virgin soil (Figure 2.17). Also in treated sands, a quasi-preconsolidation
stress can be individuated (Coop, 1993).
A few days after treatment, especially when lime is used as binder,
the soil-binder mixture presents a highly flocculated structure, highly
collapsible if subjected to compressive loading. As far as pozzolanic re-
actions occur, cementing products gradually infill the inter-cluster voids
and strengthen the contacts between soil particles, thereby rendering the
soil less compressible (Chew et al., 2004; Puppala et al., 2003).
The addition of small amounts of binder normally significantly in-
creases the quasi-preconsolidation pressure (Huang and Airey, 1998) and
decreases the compression index, cc (Rajasekaran and Narasimha Rao,
1996). Nevertheless, addition of 5% cement is typically required to appre-
ciably improve the yielding stress of very soft clays (Kwan et al., 2005).
Notwithstanding, in some cases, the compression index has been found
either to increase, due to the abrupt beak-up of the cementation bonds
caused by stresses in excess of σ′qp (Locat et al., 1996; Bergado et al., 2005),
or to remain unchanged (Porbaha et al., 2000).
The influences of binder content and curing period on unloading/re-
loading indexes appear somewhat uncertain, but a small reduction with
increasing of both parameters is expected (Kamruzzaman et al., 2001).
It should be pointed out that in ordinary working load conditions the
consolidation pressure is lower than σ′qp and, thus, the consolidation set-
tlement of treated soils could be very small (Kawasaki et al., 1981; Kwan
et al., 2005).
Therefore, the determination of σ′qp assumes a key role in the design
of ground improvement structures. Its value seems to be related to cur-
ing time (Åhnberg, 1996; Kamruzzaman et al., 2001) and to the amount of
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Figure 2.17: Void ratio – axial stress relationship of untreated and lime treated
clay (modified from Balasubramaniam and Buessucesco 1989).
binder used for stabilization (Kawasaki et al., 1981), which, in turn, affects
the achievable strength. Locat et al. (1996) derived an empirical correla-
tion between the undrained shear strength of the improved soil, su, and
σ′qp given by
su
σ′qp
= 0.35− 0.0005 PI (2.34)
which suggests a small influence of the plasticity index.
In many cases, the quasi-preconsolidation stress has been correlated to
the unconfined compressive strength of the treated soil according to
σ′qp = a UCS (2.35)
where a is a correlation coefficient ranging between 1.2-1.7 (Kohata et al.,
1996; Okumura, 1996; Porbaha et al., 2000; Åhnberg, 2006b).
Increase in σ′qp is also affected by the presence of mineral additions,
such as PFA and GGBF slag, the former providing higher void ratio and
lower yielding point than the latter. Slag in proportions larger than 10%
has been found to produce effects comparable to 2% lime addition (In-
draratna, 1996).
The cementing effect allows the soil to reach states outside the normal
compression line (NCL) of the destructured material (Figures 2.17 and
2.18), which can be easily identified by the well-defined yield point at
which large strains starts to occur (Airey, 1993; Huang and Airey, 1998),
i.e. σ′qp. Continued loading beyond yield causes the state to approximately
converge with the NCL describing the destructured configuration, but
74 binder-soil interaction mechanisms
Figure 2.18: Relationship between void ratio and consolidation pressure for labo-
ratory cement-soil samples of marine clay from Tokio Bay (modified
from Porbaha et al. 2000).
even at very high stresses the specific volume of the initially cemented
soil is significantly larger than that characterizing the uncemented fabric.
This reason, along with the different grading and mineralogy of the treat-
ed/untreated soil particles, lead to consider the state of initially cemented
structures not returning to that of the uncemented configuration after
breaking-up of the cementing bonds. Thus, the treated soil retains a sort
of memory of the fabric and the structure developed at much higher void
ratios and the amount of binder dictates the degree of bonding strength
generated which is not totally destructured under high stresses (Tremblay
et al., 2001). It seems possible for a destructured soil to become again re-
structured as a result of chemical bonding and the passage of time (Kam-
ruzzaman et al., 2001).
A more elaborated approach for the definition of the compressibility
behaviour of improved inorganic soils treated with lime was described
by Tremblay et al. (2001).
The model is based on the fact that NCL curves provide a good esti-
mation of the vertical yield stress at which the soil, treated at a certain
additive content, starts producing large strains for any initial void ratio.
Unfortunately, different additive contents induce a fan-shaped spread
of the curves, whose width depends on the range of void ratio considered
and on the plasticity of the soil: the more plastic the soil and the higher
the initial void ratio for a definite liquidity index, the more important the
spread of the NCL curves is.
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In order to directly compare the void ratio – yield stress relationships
for different soils, taking also into account the effect of additive content,
a "normalized" void index, I′vn, was introduced. I′vn is defined as
I′vn =
I′v
e/e∗x
=
e− e∗10
e∗10 − e∗100
e∗x
e
(2.36)
where e∗x is the void ratio on the intrinsic one-dimensional compression
curve of the untreated and reconstituted soil under a vertical effective
stress x, e is the corresponding void ratio for treated soil, and I′v is a
"modified" void index expressed as
I′v =
e− e∗10
e∗10 − e∗100
(2.37)
where e∗10 and e
∗
100 are the void ratios on the intrinsic compression line
corresponding to vertical effective stresses of 10 and 100 kPa replacing the
corresponding e∗100 and e
∗
1000 in the original definition of the void index Iv.
Using this approach, all the experimental curves were found to lie in
a log σ′v – I′vn diagram on an essentially unique curve for a predefined
additive content. The proposed model provides an estimated value of the
maximum void ratio that would give an expected vertical yield stress at
any lime content. It can be computed by the following equation:
e = emax =
e∗10 e
∗
x
e∗x − I′vn e∗10 + I′vn e∗100
(2.38)
The main advantage of this method is that it requires only a one-
dimensional compression curve of the remoulded natural soil. However,
it should be used for preliminary design only.
The method is more appropriate for low stress, when a small amount
of lime is added (2%), and for high stress, when a large amount of lime is
added (10%). Results obtained from cement stabilization have shown so
far similar trends.
The analysis of the post – yield stress-deformation behaviour of ce-
mented soils allows further to individuate a critical state line, CSL, ac-
cording to the Critical State Soil Mechanics (Bergado et al., 2005). Basing
on this assumption, constitutive models can be formulated for cemented
materials. Some of these mathematical formulations will be presented in
Chapter 4.
2.5.4 Effects on strength
Strength is certainly one of the most important indicators for the assess-
ment of the effectiveness and quality achieved in improved soils after
deep mixing treatments. Moreover, design specifications often require an
enhancement of the natural soil strength, regarded as insufficient for spe-
cific engineering purposes.
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This property and its dependencies have been investigated since the
first applications of both dry and wet mixing procedures. Nevertheless,
there is currently no widely applicable formula for the estimation of the
field strength incorporating all the relevant factors influencing the mixing
process.
In the following, a brief introduction on the main physico-chemical
mechanisms leading to the increase of strength in stabilized soils, the
most relevant factors affecting its development, the stress – strain be-
haviour of treated soils subjected to external loads, and some empirical
relationships for its approximate evaluation are presented.
2.5.4.1 Fundamentals of strength development in clayey and sandy soils
The strength development of treated soils can roughly be subdivided in
three phases according to Locat et al. (1990):
phase i initial period, when bridging is not mechanically felt, even
if mechanical and chemical reactions (cation exchange and
flocculation/aggregation phenomena) are highly active;
phase ii efficient bridging development, when pozzolanic reactions
provide hydration products effectively producing a sharp in-
crease in strength. More and more efficient particle or aggre-
gate bonds are created during this phase;
phase iii characterized by a reduction in the rate of increase in strength,
or even a levelling. This can be attributed to either a comple-
tion of pozzolanic reactions due to exhaustion of lime or to
a greater difficulty for solute to diffuse within the cemented
soil matrix. In the latter case, pozzolanic reactions are still
going on and precipitation of new-formed minerals may con-
tinue filling the pore space.
The increase in strength in compacted mixtures after short curing peri-
ods are principally attributed to modifications in fabric (flocculation/ag-
glomeration process) and weak inter-particle and inter-aggregate bonds
derived from early cementitious materials. Additional strengths after long
curing periods are due to the hardening of the early reaction products
and to the gradual precipitation of new compounds (secondary hydration
products) (Croft, 1967a), which promote a progressive reduction in per-
meability and porosity in stabilized soils owing to the infilling of cracks
and voids present in the structure (Croft, 1967b).
The strength evolution depends significantly on the type of soil to
be stabilized and on the stabilizing agent used. These conditions are re-
flected in the composition of the reaction products, the rate of strength
increase, the ultimate strength after curing, and the stability of the im-
proved material if exposed to weathering.
For example, pozzolanic reactions between kaolinite and lime releasedInfluence of the
type of clay during hydration of the binder are slow in the early curing stages and
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have little influence on the stability of the amorphous phases formed.
Consequently, hardening mostly proceeds irrespective of the presence of
the clay mineral. Similar behaviours can be noticed when illite is mixed
with a cementing agent, although the stabilization effect strongly relies on
the degree of crystallization of illite minerals. In fact, if the mineral occurs
as a poorly crystallized or degraded variety, its reactivity is much more
similar to that of the mixed-layers clays. On the contrary, expansive clay
minerals (e.g. montmorillonite and bentonite) may greatly influence the
hardening of cement. In extreme cases, the affinity of montmorillonite for
Ca2+ cations may be responsible for a reduction in the pH of the aqueous
phase, which hence can retard or hinder the formation and hardening of
new cementitious phases. In every instance, the hydration products gener-
ated during the ageing of montmorillonite-cement mixtures are character-
ized by lower Ca/Si ratios than those recognized in mixtures with non-
expansive minerals. As a result, strengths of similar magnitude should
not be attained.
In sands both morphology and mineralogy of the grains have strong Influence of the
type of sandinfluence on the strength gain. In particular, rounded grains are expected
to produce weaker cementation effects in stabilized soils than irregular
and angular particles (Clough et al., 1989).
As far as the type of binder concerns, practical experience has shown Type of cement
that CEM III performs very well in ground improvement applications,
with a continuous increase in strength also in the long term. On the other
hand, CEM I causes a rapid hardening during first days and further im-
provements are probable to cease after 3 months.
In cohesive materials the contribution to the strength is predominately Basic resistance
mechanisms in
stabilized clays
provided by a combination of fabric pattern and effectiveness of cementa-
tion bonds (Modmoltin and Voottipruex, 2009). Better outcomes in terms
of homogenization and strength development are usually achieved when
the water content of the blended material is close to the liquid limit of
the original soil (Bergado et al., 2005). The improvement effect, however,
considerably decreases with increasing the water content beyond wL (Ki-
tazume, 2005).
At long curing times, treated sands, differently from what obtained Basic resistance
mechanisms in
stabilized sands
in clays, behave as single-grained structures with local cementation at
grain contacts. According to Lade and Overton (1989), the mobilized
strength of cemented frictional materials may be considered composed
of four components, namely cementation (due to the effect of binder ad-
dition and production of cementitious compounds bonding sand grains
to each other), basic friction, dilation, crushing, and remoulding. The last
two components are difficult to distinguish and quantify. The amount of
crushing is likely to be small. An increase in friction angle is possibly in-
duced by an increased rate of dilation, due to the greater interlocking of
the larger effective particles cemented together from smaller particles. Af-
ter subtracting the effect of dilation, the remaining shear strength should
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reflect only the cementation and the basic frictional resistance of the nat-
ural soil (Acar and El-Tahir, 1986; Consoli et al., 2001).
Cementation plays an important role in the stress – strain relationship
of treated frictional materials. Its significance is much smaller in compari-
son with frictional effects at high confining pressures (Lade and Overton,
1989) due to the fact that the cemented bonds yield as a consequence of
the elevated compression originated by the lateral confinement and ap-
pear to have little further influence during shearing. The resistance mech-
anism becomes therefore purely frictional. At low confining pressures,
instead, cemented samples result in very high peak stresses (above the
CSL) mainly associated with the actual degree of cementation (full mo-
bilization of cementation) (Coop, 1993). Similar findings have been also
described for naturally cemented carbonate sands (Saxena and Lastrico,
1978).
As in cemented sand there is no way to determine a reasonable value
of relative density, the agglomeration state is frequently represented by
the corresponding dry unit weight (Clough et al., 1989). Dry unit density
can be directly related to the strength of treated granular soils, as an
increase in density provokes a more effective packing of the particles and
an enhancement of the cementation between them (Huang and Airey,
1998).
Some researchers observed that the migration of calcium ions into theTransition zone
surrounding soil layers by molecular diffusion creates a zone of improved
strength properties (mainly by cation exchange phenomena) named tran-
sition zone (Larsson and Kosche, 2005). This zone customarily has a thick-
ness of approximately 3-5 cm centimetres (Löfroth, 2005) that seems to be
unaffected by the different producing methods and by the type and the
amount of binder.
The thin layer (approximately 1 mm) between the transition zone and
the surrounding unimproved soil is named boundary layer. Possible high
concentration of univalent cations close to this interface may reduce the
forces of attractions between clay particles and lead to a marked strength
deterioration of the boundary layer. This reduction is more pronounced
when using peptizers, such as lignosulphonate, in the binding mixture
and for higher cement-to-lime ratios.
2.5.4.2 Factors affecting strength
In the literature a considerable number of parameters possibly affecting
the strength of stabilized soils have been investigated (Porbaha et al., 2000;
Porbaha, 2005). Notwithstanding, each research generally focused on a
small group of factors in order to simplify the problem and be able to
easily separate the effects provided by different elements. In the follow-
ing a comprehensive literature review on the significant factors regarded
as determinant for the improvement in strength of treated materials is
reported.
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The most relevant parameters individuated are the type and amount
of binder used, the type of soil to be stabilized (both mineralogy and
microstructure) and its natural water content, the presence of organics or
sulphate compounds in the soil, the water-to-cement ratio adopted when
using wet DMMs, the mixing procedure (type of tool, mixing energy, time
taken for mixing), the curing conditions (curing time, temperature, and
environment), the effect of possible confinement or load applied (instan-
taneous or delayed) during the curing period, the influence of laboratory
instrumentations in determining strength properties, and the effects of
different sampling procedures. The first part of these items is dealt with
hereafter, whereas the remaining part will be presented in more detail in
the next chapter.
The effects of mixing, curing and environmental factors on the strength
gain in soils improved using different binders are typically not associ-
ated with the nature of the stabilizing agent. Higher strengths, in fact,
are expected when increasing the effectiveness of the mixing procedure
(e.g. Larsson, 2005; Lebon, 2005), the curing time (e.g. Horpibulsuk et al.,
2003; Åhnberg et al., 2003; Åhnberg and Johansson, 2005), the tempera-
ture (e.g. Rajasekaran and Narasimha Rao, 2000; Porbaha, 2005), and the
humidity of the curing environment (e.g. Croft, 1967b) in any binder-soil
combination.
The type and the amount of binder used to stabilize a specific material
are conversely intrinsically connected with the physico-chemical proper-
ties of the soil structure. Different binders, actually, may give very dissim-
ilar effects when added to expansive or organic clays, rather than sands.
The mineralogical composition, the grain size, the specific surface and the
cation exchange capacity of the soil, the initial pore-water chemistry, the
presence of organics and contaminants, as well as the pH and the natural
water content are preliminary aspects to be taken into account for a reli-
able choice of the most appropriate binder (Locat et al., 1990; Wilkinson
et al., 2010).
lime stabilization - dry mixing
Lime as a rule is more sensitive to the composition of the soil and its
addition can yield to both much lower and much higher strength than
cement-type binders at equal mixed-in quantities (Åhnberg, 2006b).
In soft clays, Åhnberg (1996) observed that higher long term increase
in strength were normally achieved with lime rather than with cement,
due to the larger amount of long-term pozzolanic reactions occurred.
In lime treatments, Locat et al. (1996) suggested to consider as main
controlling factors the pH and the quantity of free calcium present in the
pore solution.
The amount of stabilizing agent introduced into the soil has been found
to be correlated to the strength in a non-linear way. Appreciable strength
increase can be attained only for binder contents above the LFP (Locat
et al., 1996), but an excessive addition of lime could produce detrimental
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Figure 2.19: Influence of lime content on strength gain in three different stabi-
lized clays (modified from Bell 1996).
consequences for the stability of the treated soil (Brandl, 1981; Bell, 1988).
This is due to the necessity of ensuring an adequate ratio between soil
minerals and calcium ions dissolved in the pore water in order to grad-
ually form cementitious products by pozzolanic reactions. The portion
of lime not consumed in this process would otherwise weaken the struc-
ture, having neither appreciable friction nor cohesion and producing, by
carbonation, low strength cementing bonds. The optimum lime content,
OLC, also referred to as lime stabilization optimum, LSO, tends to range
from 4-4.5% and 8-10%, with the higher values for soils with higher clay
fractions and expandable minerals, as shown in Figure 2.19 (Bell, 1988,
1996; Wilkinson et al., 2010).
The higher CEC and amount of soluble silicon in the structure of ex-
pansive clays (Boardman et al., 2001) make them more reactive with lime
than kaolinitic and quartz-based clayey soils, even if for the latter the
final strengths are normally greater and smaller additions of lime are re-
quired to observe notable improvements (Bell and Tyrer, 1989). It should
be pointed out that the reactivity of clay minerals, especially montmoril-
lonite, is far more pronounced with lime rather than with cement.
The natural moisture content greatly influences the strength, which
decreases sharply with the increase of wn above wL. Nevertheless, for
wn < wL strength seems to be almost independent of the moulding wa-
ter content. In this case, compaction and, consequently, higher densities
may yield to an increase in strength because of closer association between
particles, which facilitates easier cementation by pozzolanic compounds
(Sivapullaiah et al., 1998; Nagappa and Ramesh, 2011).
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cement stabilization - wet mixing
In general, the addition of cement significantly increases the strength
(both in compression and in tension) of soils under both static and dy-
namic loads, contributes to volume stability, and increases the resistance
to liquefaction of loose sands (Maher and Ho, 1993).
Main factors affecting positively the performance of stabilized soil in
cement treatments are the binder content (e.g. Babasaki et al., 1996; Pup-
pala et al., 2003; Marzano et al., 2009; Al-Aghbari et al., 2009), the curing
period (e.g. Kawasaki et al., 1981; Horpibulsuk et al., 2003), the relative
humidity of the curing environment (Croft, 1967b), the achieved density
(Clough et al., 1981; Huang and Airey, 1998; Åhnberg et al., 2003), and
the confining pressure (e.g. Clough et al., 1981; Consoli et al., 1996).
Adverse conditions may be associated with the presence of organic Organic matter,
pH, saltsmaterials, in particular humic acid, or contaminants (Knop et al., 2005),
and low pH values, especially when lower than 5 (Tremblay et al., 2002).
However, pH shows a weaker correlation with strength compared with
the amount of organic matter (Kitazume, 2005), whose effect is further
influenced by its degree of decomposition (Hernandez-Martinez and Al-
Tabbaa, 2005).
Salt content can lead either to an increase or decrease of strength de-
pending on the type of salt and its amount (Modmoltin and Voottipruex,
2009). Generally Ca-chlorides may be introduced in the mixture in or-
der to increase the amount of Ca2+ ions in solution for cation exchange
and pozzolanic reactions with the clay minerals. Anyway, its effect can be
detrimental when reinforcements are installed in the treated soil, causing
intensive corrosion. Sulphates, when added at the beginning of the mix-
ing process, allow a reduction in the hydration rate of aluminates and a
more gradual setting of blended materials. On the contrary, when present
at later ages, they may produce the so called "delayed-ettringite forma-
tion", which cause the breaking up of cementing bonds and a marked
decrease in strength.
The water-to-cement ratio is another key parameter in wet mixing appli- Water-to-cement
ratiocations. In order to take into account the effective amount of water in the
mixture, different authors (e.g. Horpibulsuk et al., 2003) have suggested
to adopt the total-water-to-cement ratio previously defined in Section
2.5.1. This avoid the definition of unreliable correlations between strength
and the natural water content of the soil (Saitoh et al., 1996). Åhnberg et al.
(2003), in fact, underlined how there is no unique correlation between the
natural water content and the strength of stabilized soils, as this varies
with the soil as well as with the type of slurry used. However, a general
result shows (Figure 2.20) that the maximum effect is attained at around
the liquid limit of the original soil and that the improvement effect con-
siderably decreases with increasing the water content in excess of this
threshold (Porbaha et al., 2000; Bergado et al., 2005; Kitazume, 2005).
The effect of wT/c seems to be significant at all ranges of cement con-
tent, though, for the 28 days strength, it can be regarded as very insignif-
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Figure 2.20: Influence of water-to-cement ratio and cement content on the perfor-
mance of stabilized soils (modified from Porbaha et al. 2000).
icant when the cement content is less than 30% (Kamruzzaman et al.,
2001).
Water-to-cement ratio ranging from 0.6 to 1.3 are customarily used for
cement slurry, even if, in particular contexts, w/c ratio of 2 and 3 have
been adopted (Lebon, 2005). Normally, the strength decreases as w/c in-
creases, most significantly when it is comprised between 1.5 and 4 (Zhang
and Tao, 2008).
The effect of curing time is more pronounced for higher stabilizer con-Time
tents, as reported in Figure 2.20 (Al-Aghbari et al., 2009). Furthermore,
the strength increase with time is usually more rapid the first month after
mixing due to the immediate cement reactions with the water in the soil
(Åhnberg, 1996).
Contrary to what experimentally obtained in lime treatments, bothCement content
peak strength and initial stiffness increase monotonically with cement
content, but the effect of the amount of binder on strength may be re-
duced if low w/c and low mixing energy are used in the mixing proce-
dure (Larsson and Kosche, 2005).
In treated clayey soils, strength has been found to primarily rely upon
the binder content. Experimental data from field and laboratory samples
have shown, typically, that a minimum quantity of 5% of stabilizing agent
is required in order to observe appreciable enhancement effects (e.g. Ka-
mon and Nontananandh, 1991; Consoli et al., 1996; Kwan et al., 2005).
According to Al-Tabbaa and Evans (1998), a minimum amount of cement
above which the binder can hydrate freely should always exist even in
contaminated conditions. On the other hand, a gradual decrease in the
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strength rate appears when the proportion of binder overcomes an upper-
limit threshold (e.g. Parkkinen, 1997; Chew et al., 2004).
A binder content dependent strength model based on these experimen-
tal findings was proposed by Horpibulsuk et al. (2003), who extended
the concepts previously introduced by Uddin (1994) and Kamruzzaman
et al. (2001). The addition of a cementitious binder to the natural clayey
soil generates four different reaction conditions, named, respectively, in-
active zone, clay-cement interaction zone, transitional zone, and cement-clay
interaction zone (Figure 2.21). In this model, UCS increases only slightly
for aw < 5% (according to the experimental evidence), being the binder
quantity too low to develop bonds between clay clusters (inactive zone).
For 5% ≤ aw < 40%, customarily used in soil mixing, a significant in-
crease in strength occurs due to the higher amount of bonding of the clay
fabric (clay-cement interaction zone). When aw ≥ 40%, the UCS gain does
not continuously rise being the cement not fully utilized in strengthening
the clay fabric (transitional zone), that gradually loses its identity and
becomes a cement-paste structure (cement-clay interaction zone). A simi-
lar trend was deduced by Kitazume (2005), who sketched two simplified
relationships between UCS and aw based, respectively, on the results of
tests performed on soils improved by laboratory mixing techniques and
by on-site treatments using DM rigs, with higher strengths measured in
the former case.
Figure 2.21: Schematic relationship between binder dosage and strength of
treated soil for mechanical mixing technique (modified from Hor-
pibulsuk et al. 2003).
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In sandy soils, according to Consoli et al. (1996) and Schnaid et al.
(2001), a linear relationship between UCS and aw can rationally be as-
sumed.
Often, soils with a significant fine fraction required larger quantities of
stabilizing agent (Croft, 1967a), perhaps owing to the increase in surface
area of the particles (Porbaha et al., 2000). This emphasizes that the binder
content should always be chosen primarily depending on the type of
soil to be improved (and therefore also on its water content) and on the
predefined design requirements.
In order to determine the most adequate amount of binder to be used
for cement treatment of a specific soil, Gotoh (1996) formulated an empiri-
cal relationship accounting for several important geo-chemical properties
of the soil, i.e. pH, ignition loss, Li, natural water content, wn, and fine
content, FC. The actual amount of stabilizer was expressed in terms of a
"modified" cement content, linearly correlated to the selected parameters
normalized with respect to their average values. For alluvial soils:
α′ = α · 1
9− pH ·
5
Li
· 40
wn
· 70
FC
for pH < 8 (2.39a)
α′ = α · 5
Li
· 40
wn
· 70
FC
for pH ≥ 8 (2.39b)
For volcanic ash cohesive soils:
α′ = α · 1
8− pH ·
10
Li
· 100
wn
· 70
FC
for pH < 7 (2.40)
Multi-regression analysis showed that a combination of pH and Li re-
sulted in the best correlation, whereas the contributions of wn and FC or
a combination of both were judged to be poor.
Al-Aghbari et al. (2009) suggested aw = 8% as optimum cement content
for pavement applications. In many cases 100-200 kg in dry weight for 1
m3 of soil to be treated (corresponding to aw = 20-30%) are used in deep
mixing works (Okumura, 1996; Yoshizawa et al., 1996).
According to Yoshizawa et al. (1996), the effect of cement additionInfluence of the
type of soil varies depending on the type of ground being improved, which, in turn,
notably affects the final strength (Marzano et al., 2009). In particular,
Croft (1967a) observed that kaolinitic and illitic soils are more suitable
for cement stabilization than soils containing large amounts of expan-
sive minerals. Heavy clay soils are difficult to stabilize with cement, and
large amounts of additive may be necessary to achieve acceptable per-
formance. Alternatively, conditioning with lime prior to cement addition
or lime-cement mixtures may be adopted. Researchers also established
that when montmorillonite is the principal clay mineral, lime instead of
cement should be used for stabilization purposes. Notwithstanding, Mod-
moltin and Voottipruex (2009) described a case history in which cement-
bentonite gave higher strength than cement-kaolinite. This stresses the
importance of performing preliminary suitability tests on various cement-
soil mixtures to determine their overall strength response.
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Generally, cement mixing procedures carried out on sands and gravels
lead to higher strengths and small variation in results, as well as higher
densities than clayey and silty soils (Al-Tabbaa and Evans, 1998).
Both grain size distribution and mineral composition of sands have
been found to affect the strength development. Strength, in fact, seems
to be strongly influenced by the fine fraction (Gotoh, 1996) and reaches
a peak for FC of approximately 40-60% (Kitazume, 2005). This can be
probably due to the abundance of reactive minerals supplied by the clay
particles involved in secondary pozzolanic reactions, being sand grains
substantially inert in this process. However, more reactive sands like those
containing, besides silica, large quantities of calcite and feldspar could
contribute in a high alkaline environment to the formation of cementing
phases (Freer-Hewish et al., 1999).
other binders
The type, quality, and quantity of various cementitious agents have dif-
ferent effects on the strength evolution of different soils. To determine
the effectiveness of a certain binder in a specific context, Hayashi and
Nishimoto (2005) proposed the use of a parameter, called SAC, normally
adopted in cement chemistry to evaluate the behaviour of cementitious
agents. This parameter, defined as
SAC =
SO3 + Al2O3
CaO
(2.41)
has proved to be effectively correlated to the strength of treated soils.
As with cement and lime, organic matter causes lower strengths and
complicates the mechanisms of reaction of supplementary cementitious
materials (Wilkinson et al., 2010). By testing the efficiency of different
binder combinations on the stabilization of peat, for example, Hernandez-
Martinez and Al-Tabbaa (2005) noted that only those having large quanti-
ties of cement allowed the attainment of a sufficient increase in strength.
Time, on the other hand, provides always a beneficial action on strength
gain.
The experimental practice has shown that, usually, the combination of GGBF slag
GGFS with lime or cement produces the best improvement in ordinary
and difficult soil conditions, with a continuous increase in strength over
long curing periods (Kwan et al., 2005; Van Impe and Verástegui Flores,
2006). In some Swedish soft and organic soils, slag-lime and slag-cement
(in equal proportions) binder combinations gave higher strengths than
cement alone, as shown in Figure 2.22 (Åhnberg et al., 2001, 2003). The
hydration of OPC, even if more rapid in the early days, is characterized
by lower final strengths than GGBF slag-cement (Kawasaki et al., 1981;
Porbaha et al., 2000), especially when high binder contents are employed
(Figure 2.23).
When GGBF slag is combined with lime, the clay-lime mix will pro-
vide the required alkaline environment for slag activation and hydration,
which occurs more rapidly than the pozzolanic reactions between lime
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Figure 2.22: Comparison between strength levels obtained in two Swedish clays
using different binder combinations (modified from Åhnberg et al.
2003).
and clayey minerals. An effective activation of slag has been appreciated
also using reactive MgO in gravelly sand (Jegandan et al., 2010).
Figure 2.23: Effect of the type of binder on the compressive strength of soil-
binder mixtures in fucntion of its content (modified from Porbaha
et al. 2000).
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Slag, as gypsum (at small proportions), is particularly effective in ex-
pandable soils, as it reduces the deleterious expansion normally asso-
ciated with delayed ettringite formation, improving durability and re-
sistance to chemical attacks (Hernandez-Martinez and Al-Tabbaa, 2005;
Westerberg et al., 2005). Gypsum, besides, accelerates both the forma-
tion of pozzolanic products precipitated by lime-soil reactions (more pro-
nounced after 28 days) and the hydration of slag (substantial after only 7
days) (Wild et al., 1998).
Addition of only 2% GGBF slag in silty clays has reported to increase
of 20-25% the strength of the natural soil, similarly to what obtained by
addition of 2% lime (increment in strength of about 50%) (Indraratna,
1996).
Puppala et al. (2003) suggested for field treatments a percentage of slag
of at least 20% in soil dry weight. Optimum slag/lime ratio of about 1.5
has been individuated by Wild et al. (1998). An excess of this ratio could
hamper the activation of slag due to the too low content of total lime
available in the system. Therefore, strength increases with increasing slag
level as long as sufficient lime is present to enable alkali-slag activation.
The introduction of fly ash during the mixing process increases the Fly ash
strength of natural soils, even if its contribution is notably less significant
than that given by GGBF slag (Kwan et al., 2005; Wilkinson et al., 2010).
In addition, in PFA-cement mixtures, strength was found to increase as
the cement-to-PFA ratio increases (Al-Tabbaa and Evans, 1998). This is
related to the fact that PFA proved to be less responsive than common
clay minerals during the early curing stages of hydration (Croft, 1967b)
and flocculation/agglomeration mechanisms involving fly ash particles
have seen to be developed only after long curing periods (Puppala et al.,
2003).
In clays, relevant amounts of PFA are required to produce adequate
improvements. The existence of an upper PFA content beyond which
strength declines significantly has been confirmed by several studies (e.g.
Indraratna, 1996).
The effect of fly ash addition is more pronounced in silty sands and
prevalently inert materials, as PFA ensures that there is enough poz-
zolanic material in the mixture to possibly combine with the lime in both
short- and long-term reactions (Consoli et al., 2001).
The use of cement kiln dust generates higher pH values than cement, Cement Kiln Dust
due to the higher proportion of K2SO4. This can beneficially improve
both cementitious and pozzolanic reactions. Strength is observed to in-
crease with the amount of CKD (Al-Aghbari et al., 2009), especially for
contents ranging from 20% to 40%. Unfortunately, the possibility of us-
ing large amounts of CKD seems doubtful due to the cost of transport
to the site. To reduce the amount of CKD admixture, small quantities of
CaCl2 may be used (Freer-Hewish et al., 1999). The considerable amount
of Ca2+ supplied by calcium chloride introduced into the mixture pro-
vides a beneficial effect on strength increase, combining with the silica
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released by the strong alkali attack of the CKD. Also sodium metasili-
cate, Na2SiO3·5H2O, at small proportions, may lead to notable strength
gains, especially at 0.25N10. Anyway, concentrations higher than 1N can
adversely affect the performance of stabilized soils.
CKD further acts as an effective activator for the GGBF slag (Jegandan
et al., 2010).
Finally, experimental results from laboratory tests carried out using
several binder-SCM combinations allow to conclude that the partial re-
placement of CEM I with pozzolanas (such as PFA and zeolite) could
lower the initial strength in granular soils, although some increase with
time should be expected due to the generation of secondary hydration
products by pozzolanic reactions (Jegandan et al., 2010).
2.5.4.3 Stress – strain behaviour of stabilized soils
The stress – strain curves of lime and cement treated soils exhibit pro-
nounced peaks (increasing with time) due to cementation of the soil par-
ticles by pozzolanic compounds (Sivapullaiah and Manju, 2006).
A nearly linear stress – strain relationship up to about 70 to 80% of their
peak deviatoric stress, especially at very long ages, is frequently observed.
Well stabilized soils are brittle materials (Croft, 1967b; Brandl, 1981; Kam-
ruzzaman et al., 2001) characterized by an initial increase in deviatoric
stress with axial strain up to a peak value after which an abrupt strain
softening occurs, probably caused by a progressive breakdown of the
cementing bonds (Balasubramaniam and Buessucesco, 2005). In this de-
structured state, practically identical normalized stress – strain responses
can be derived for different binder contents (Huang and Airey, 1998).
Despite an elastic approximation may be assumed up to the yield of the
curve (at about 0.3% of axial deformation, according to Airey 1993), a de-
parture from linearity appears to start well before this point, i.e. at about
0.01% of axial strain, in accordance with Tatsuoka et al. (1997). Thus, even
for moderately well-cemented samples, the existence of a pure elastic re-
gion is difficult to demonstrate.
This stress – strain behaviour is normally associated with a pronounced
dilation of the material. In Figure 2.24, several volumetric strain – axial
strain relationships of artificially cemented sand samples prepared with
different amounts of binder and tested at different lateral confinements
are reported. From the figure, an initial compression followed by a strong
expansion can be noticed. The maximum dilation rate takes place right af-
ter the peak strength. Subsequently the dilation rate decreases as the soil
approaches an ultimate stable condition (deviatoric stress approaching a
constant value with increasing axial strain) that seems to not be affected
by cementation (Schnaid et al., 2001).
Figure 2.24 also shows how the rate of dilation at failure decreases with
increasing confining pressure (Lade and Overton, 1989).
10 Additive concentrations can be expressed either as the normality of alkali ions in the
mixing water (N), or as per cent by the dry weight of mixtures.
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(a) Deviatoric stress - axial strain
(b) Volumetric strain - axial strain
Figure 2.24: Stress – strain – volumetric response for different cement-sand mix-
tures (modified from Schnaid et al. 2001).
An increase in time and binder content results in a stiffer and more
brittle material (Clough et al., 1981; Hirai et al., 1989; Lade and Overton,
1989; Bell, 1996; Abdulla and Kiousis, 1997; Fang et al., 2001; Al-Aghbari
et al., 2009) as shown in Figure 2.25, even though for very soft soil a
minimum amount of stabilizing agent is required to change the failure
mode from ductile to brittle (Chew et al., 2004). Marked brittle failures
are typically detected in clay treated soils (Consoli et al., 1996) due to the
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(a) modified from Bell 1996 (b) modified from Kamruzzaman et al.
2001
Figure 2.25: Effect of binder content and time on (a) elastic modulus and (b)
stress – strain behaviour of treated clays.
strong degradation of cementing bonds between particles and to the lack
of friction contribution to the strength, usually activated during post-peak
conditions in cemented sands (Section 2.5.4.1).
Similar outcomes are obtained when binders consist of a combination
of lime, cement, and supplementary cementitious materials (Kwan et al.,
2005). Figure 2.25a represents the positive effects of time and lime con-
tent on the secant elastic modulus of improved kaolinite, whereas Fig-
ure 2.25b shows the significant increase in peak deviatoric stress owing
to increments in binder content.
Higher confinements are seen to increase the modulus of elasticity and
the peak stress, and, at the same time, reduce the brittleness in favour
of more ductile behaviours (Schnaid et al., 2001) (Figure 2.24). This fact
has been observed experimentally by many researchers (e.g. Clough et al.,
1989; Consoli et al., 1996; Kaniraj and Havanagi, 1999) and can be partly
due to the different deformation mechanisms governing the response of
treated soils, i.e. prevalently by distortion at lower confining stresses and
volumetric at higher lateral pressures (Bergado et al., 2005).
Defining the yield point as the state corresponding to the onset of plas-
tic straining and the start of significant volume changes, three classes of
behaviours can be defined (Coop, 1993):
1. Type I : occurs when the material has passed its yield point dur-
ing isotropic compression; subsequent shearing should produce be-
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Figure 2.26: Schematic variation in compression modulus with increasing
stresses (modified from Åhnberg 1996).
haviours similar to that of an initially uncemented soil with no yield
point.
2. Type II : occurs at intermediate confining stresses. Although the ce-
mented bonds are initially intact, they yield during shearing and
the peak state is then governed by the frictional behaviour of the
now uncemented soil. The stress – strain curve might be expected
to show a distinct yield point after an initial elastic sector.
3. Type III: characterized by low confining pressures compared with
the strength of the cemented mixture. A peak state representing
probably the complete breakdown of the cement matrix occurs at
low strains well outside the state boundary surface of the unce-
mented soil.
Changes in the value of secant modulus are expected with both the
increase of deviatoric stress and deformation. From oedometer tests on
treated clays, Åhnberg (1996) derived the following "degradation pro-
cess" for the compression modulus, which can reasonably be assumed
to describe the evolution of the secant elastic modulus in other types of
stabilized materials (Coop, 1993; Schnaid et al., 2001). The elastic modu-
lus is regarded as roughly constant up to the yield stress, after which it
reaches a minimum value. Thereafter, it increases with further increase in
stresses and it is governed by a modulus number of the same magnitude
as that of the unstabilized soil (Figure 2.26). At failure, the average mod-
ulus has been found only 10% of its maximum value (Massarsch, 2005).
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The (external) axial strain at failure, ε f , is generally comprised between
1% and 3% (Saxena and Lastrico, 1978; Porbaha et al., 2000) and seems to
be not significantly affected by the length of the curing period (Sivapulla-
iah, 2000), even if a small reduction may possibly be recognized (Brandl,
1981; Al-Aghbari et al., 2009).
Normally, an increase in binder content produces a decrease in ε f
(Schnaid et al., 2001; Van Impe and Verástegui Flores, 2006), while the
contrary appears with higher confining stresses (Lade and Overton, 1989;
Åhnberg, 2006b)
The type of test has a relevant effect on the stiffness of cemented soils,
being the elastic modulus in undrained conditions much higher than
in drained conditions (Balasubramaniam and Buessucesco, 1989; Coop,
1993). However, limited influence have been observed on failure strains
(Åhnberg, 1996, 2006b).
2.5.4.4 Strength parameters
Many investigations carried out in the past on the failure behaviour of nat-
urally and artificially cemented soils have shown that the slightly curved
failure envelops obtained from triaxial tests (Acar and El-Tahir, 1986; Con-
soli et al., 2001) can be satisfactorily approximated over a wide range
of lateral confinements by a linear Mohr-Coulomb failure criterion (e.g.
Clough et al., 1989; Lade and Overton, 1989; Consoli et al., 1996; Kohata
et al., 1996; Indraratna, 1996; Schnaid et al., 2001; Consoli et al., 2001)
All experimental reports agree that an increase of binder content results
in an increase of cohesion, c′p (Balasubramaniam and Buessucesco, 1989;
Abdulla and Kiousis, 1997; Sivapullaiah and Manju, 2006), which is far
more significant than the frictional component at low confining pressures
(Clough et al., 1981) (Section 2.5.4.1). This apparent cohesion further in-
creases at longer curing times due to the gradual cementation between
the flocculated clay particles or sand grains operated by pozzolanic com-
pounds (Sivapullaiah, 2000; Al-Aghbari et al., 2009).
An estimation of c′p based on unconfined tests has been proposed by
Åhnberg (2006a)
c′p = 0.23 UCS (2.42)
The peak friction angle, φ′p, customarily, is found to slightly increase
in stabilized clays (e.g. Balasubramaniam and Buessucesco, 1989; Con-
soli et al., 1996; Bergado et al., 2005; Indraratna, 1996) due to floccula-
tion/aggregation mechanisms that effectively shift the grain size distribu-
tion curve of the original material towards larger diameters. This effect is
expected to significantly increase with curing time, because of the contin-
uous formation of secondary cementing phases (Sivapullaiah, 2000).
In many studies, the peak friction angle of cemented sands could not
be clearly related to the degree of cementation and, thus, to the binder
content used for stabilization (Abdulla and Kiousis, 1997). Mostly, φ′p re-
mains practically unchanged after treatment with respect to that of the
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natural soil (Clough et al., 1981; Acar and El-Tahir, 1986; Consoli et al.,
1996), showing that friction is mainly provided by contacts between sand
grains (Dupas and Pecker, 1979). Notwithstanding, small increments in
φ′p have also been reported (Clough et al., 1989; Lade and Overton, 1989;
Al-Aghbari et al., 2009), probably associated with a higher particle inter-
locking attained after mixing compaction.
Higher densities, in fact, give closer packing between mineral agglom-
erates and, therefore, increase both cementation and interlocking of parti-
cles (Dupas and Pecker, 1979), causing an improved cohesion and friction
resistance of the treated soils.
Once cemented, flocculate kaolinite soils behave as a granular material,
with a corresponding increase in cohesion due to cementation and an
almost unaffected friction angle (Sivapullaiah and Manju, 2006).
Residual cohesion, c′res, has been observed to approach zero al large
deformations in both stabilized sand and clay (e.g. Consoli et al., 1996).
On the contrary, residual friction angle, φ′res, seems to be affected by small
amounts of cementation (Consoli et al., 1996), especially in clays, where
the modifications of the fabric caused by flocculation still influence the
overall response (Airey, 1993; Åhnberg, 1996).
Finally, it is possible to conclude that the main effect of binder addition
for cement-treated soils appears in the Mohr plane as a slippage in the
upper direction of the corresponding failure envelope, without changes
(in sands) or with slight increase (in clays) in internal friction angle in
comparison with the original failure curve determined for the natural
material.
2.5.4.5 Empirical relationships for strength prediction
As described in the previous section, the effect of stabilization is in gen-
eral associated with an improvement in strength properties and a gradual
stiffening of naturals soils, more pronounced at higher binder contents.
The failure behaviour progressively changes from ductile to brittle and
this makes more uncertain the failure mechanism of treated samples. The
main failure mechanism may be cracking rather than shearing as usually
assumed. It may therefore be more appropriate to use the compressive
strength instead of the shear strength as reference strength property in
improved soils (Larsson et al., 2005b; Löfroth, 2005).
For this reason, the unconfined compressive strength, UCS, has become
probably the major checked parameter for the evaluation of the effective-
ness of mixing treatments (Kawasaki et al., 1981; Hosoya et al., 1996; Oku-
mura, 1996; Porbaha et al., 2000; Usui, 2005) and represents one of the
main design requirements in engineering applications concerning deep
mixing constructions (Fang et al., 2001).
A number of relationships correlating UCS to other factors are present
in the international literature. The main parameters taken into account
are the binder content, the natural water content of the original soil (es-
pecially in dry mixing procedures), the presence of organic matter, the
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water-to-cement ratio of the slurry mixture (for wet mixing applications),
and the curing time. Correlations taking into account the curing time,
besides other factors, will be presented in the next chapter.
In accordance with Rathmayer (1996), the final compressive strengthClays
of a stabilized clay as a function of w/c, organic content, OM, and fine
fraction, FC, is given by
UCS = 0.347 FC · e−0.57 w/c + 0.372 OM2 · e−0.27 w/c (2.43)
Locat et al. (1990) considered the shear strength as a power function of
the water content of the natural soil, according to the following equation:
su = a wbn (2.44)
where a and b are coefficients that, for a constant binder concentration,
are influenced by the soil nature and the elapsed curing time.
Basing on the after curing void ratio (e0,t - see Section 2.5.1) and on
the binder content (aw), Bergado et al. (2005) estimated the unconfined
compressive strength of treated clayey soils by
UCS = a · pa · exp
[
b ·
(
e0,t
aw
)]
(2.45)
where a and b are dimensionless constants that depend on the type of
binder and on the type of clay, respectively, and pa is the atmospheric
pressure.
Consoli et al. (1996) observed that weakly cemented sand samples areSands
markedly affected by the level of applied confining pressure, but, as the
degree of cementation increases (directly associated with the measured
tensile strength, σt), the ratio of the triaxial deviatoric stress at failure, q f ,
and UCS approaches unity. A mathematical expression has been therefore
developed to predict the strength of sandy cemented soils for any confin-
ing pressure, based on drained triaxial compression tests performed on
uncemented samples and splitting tensile tests:
q f
q f ,untr
= 1+ 1.12 σ−0.82c σt (2.46)
where σc is the confining pressure and q f ,untr is the triaxial deviatoric
stress for uncemented samples.
As already discussed in Section 2.5.4.1, the strength of cemented sand
can be expressed in function of the cohesion intercept, directly related to
amount of stabilizing agent, and of the internal friction angle, which is
not clearly correlated to the cement content. Hence, in developing their
formulation, Schnaid et al. (2001) assumed the friction angle as an inap-
propriate parameter to quantify the degree of cementation. Their general
model for the estimate of the triaxial strength of cemented sands is thus
given by
q f = k1 p′ + k2 C (2.47)
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where k1 · p′ is the deviatoric stress at failure for the uncemented soil
obtained in drained triaxial tests, k2 corresponds to the rate of change in
the deviatoric stress with cementation, and C is the degree of cementation.
Since the deviatoric stress at failure for a non-cohesive uncemented soil
can be analytically determined as a function of the friction angle, φ′, and
the internal mean effective stress, p′, by
q f ,untr = k1 p′ =
2 sin φ′
1− sin φ′ p
′, (2.48)
the deviatoric stress for an artificially cemented soil can be finally ex-
pressed as
q f =
2 sin φ′
1− sin φ′ p
′ +UCS (2.49)
The underlying hypotheses are:
1. linear peak strength envelopes;
2. the friction angles of both uncemented and cemented soil have the
same magnitude;
3. soil in the uncemented condition is non-cohesive;
4. C = UCS and k2 ≈ 1.
Equation (2.49) also implies that the frictional contribution to shear
strength is independent of the cement content. From this equation, the
greater the relative contribution of cementation, the faster the triaxial
shear resistance approaches UCS. Conversely, the greater the relative con-
tribution of friction, the faster the triaxial shear resistance approaches the
uncemented triaxial strength.
The Abram’s law is the typical formulation used in concrete mix design Abram’s law
to evaluate the attainable UCS on the basis of w/c used for production.
Extending its use to cement-soil mixtures, Jacobson et al. (2005) has pro-
vided the following relation:
UCS28 = a/bwT/c (2.50)
where a and b are two fitting coefficients which, according to Horpibul-
suk et al. (2003), can be assumed for stabilized Bangkok clay, respectively,
equal to a = 969-1739 (depending on the curing time) and b = 1.24 (Fig-
ure 2.27).
Further relationships linearly correlate UCS to the shear wave velocity,
Vs.
Lime stabilization in marine clay prevalently composed of montmoril-
lonite minerals is denoted by increments in UCS ranging from 5 to 8
times that of untreated soil (Narasimha Rao and Rajasekaran, 1996). In
sensitive clays, Locat et al. (1990) estimated UCS improvement of 1.5-2
orders of magnitude using lime as stabilizing agent.
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Figure 2.27: Empirical correlation between total-water-to-cement ratio and
strength in cemented soils (modified from Horpibulsuk et al. 2003).
Cement treatment of Tokio Bay marine clay showed UCS between 3-4
MPa at 28 curing days adopting α = 70 kg/m3 and w/c = 1 (Tatsuoka
et al., 1997). Baghdadi and Shihata (1999) in cemented sandy gravels
achieved a satisfactory UCS of 3.45 MPa by introducing in the ground
a cement proportions of 7%.
In silty clay and silty sand, Fang et al. (2001) measured particularly
high UCS comprised between 5.8 and 16 MPa. The authors attributed
these anomalous strengths to a possible partial substitution of the soil
due to the high slurry volumes utilized.
Finally, Ganne et al. (2010) reported UCS reference values for CSM con-
structions determined from different jobsites characterized by different
subsoil conditions in the Benelux Region. They found that the 80% of the
28 day UCS values of treated soils were for sands equal to 4.5 MPa, for
silts 3.0 MPa, and for clays 1.7 MPa. Normally, large variability affected
the results, with no regards to the nature of the soil. Furthermore, a log-
normal distribution of the UCS values was indicated to represent in a
reliable way the experimental data distribution (Navin and Filz, 2005).
Despite unconfined compression tests are extensively used to evaluate
the undrained strength of stabilized soils due to the simple and economic
set-up, they do not provide detailed information about effective stresses
and pore water pressures. Both undrained and drained strengths and
their stress dependences should be considered in the design process for
most of the soils and loading conditions. More efforts should be made
to perform drained tests, particularly at low confining stresses and high
overconsolidation ratios (Åhnberg, 2006a). Nevertheless, practical experi-
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ence shows that design based on unconfined compression tests, accom-
panied by suitable in-situ tests, may produce effective soil stabilizations.
Hence, unconfined compression tests can be useful in order to determine
the type and amount of stabilizing agent that should be used for produc-
tion (Åhnberg et al., 1989).
2.5.4.6 Elastic modulus
Traditionally, empirical correlations for the prediction of the elastic modu-
lus as a function of the UCS of stabilized soils have been formulated due
to the quite linear relationship observed between strength and stiffness.
In fact, both properties are positively influenced by the same factors, such
as binder content, duration of the curing, temperature and so on. The esti-
mation of deformation properties on the basis of UCS is however affected
by several drawbacks and is thereby often not recommended (Larsson,
2005).
Many empirical relationships between strength and stiffness exist in
the literature, but their correlation is generally poor (e.g. JCDIT, 2002;
Massarsch, 2005). The main reason is associated with the so called "bed-
ding error", which consists in the large overestimation of the axial strain
when measured from the axial displacement of the loading piston ("exter-
nal measurements"). External axial strains commonly include the extra-
compression of the filter paper placed at the ends of the specimens and
the negative effects due to the disturbed loose zone formed during trim-
ming. This customarily leads to a large underestimation of the initial tan-
gential stiffness, Et,in. Correcting axial strains for bedding error, a "locally"
defined maximum stiffness, Emax, can be obtained. The effect of bedding
error on experimental measurements is described in Figure 2.28.
An approximate value of the ratio between Et,in and the elastic secant
modulus at 50% of the failure load, Es,50, was estimated by Saitoh et al.
(1996) in 1.1-1.2. Van Impe et al. (2005), moreover, obtained a local maxi-
mum modulus of elasticity Emax ≈ 7 Es,50.
Although the poor correlation ascertained by several authors in the
past, UCS – stiffness relationships still provide useful information for
design purposes. A comprehensive collection of empirical correlations
between strength and elasticity properties experimentally deduced from
laboratory tests performed on treated samples prepared by combining
several kind of soils with many types of binders is reported in Table 2.3.
2.5.4.7 Tensile strength of stabilized soils
As suggested by several researchers, an indirect quantification of the de-
gree of cementation is provided by the significant tensile strength ob-
tained after treatment (e.g. Airey, 1993). Tensile strength, σt, is believed
to be a consequence of the cement grains accumulating in the voids
and bridging the soil particles by primary hydration and secondary poz-
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Table 2.3: Relationship between elastic modulus and unconfined compressive
strength.
Relationship Soil CEM Reference
140 UCS <Es,50 < 500 UCS MC I Asano et al. (1996)
50 UCS <Es,50 < 300 UCS MC I/P Asano et al. (1996)
144 UCS <Es,50 < 1000 UCS MC/S∗ I Futaki et al. (1996)
350 UCS <Es,50 < 1000 UCS MC∗ I Saitoh et al. (1996)
750 UCS <Emax< 1000 UCS MC∗ I Tatsuoka et al. (1997)
50 UCS <Es,50 < 150 UCS C II Porbaha et al. (2000)
30 UCS <Et,50 < 300 UCS SC I? Fang et al. (2001)
100 UCS <Es,50 < 500 UCS - - Navin and Filz (2005)
Es,50 ≈ 190 UCS C/G L/I Löfroth (2005)
134 UCS <Es,50 < 160 UCS C L/I Massarsch (2005)
Et,in ≈ 714 UCS MC II Van Impe et al. (2006)
Es,50 ≈ 110 UCS MC II Van Impe et al. (2006)
25 UCS <Es,50 < 130 UCS S/R I Marzano et al. (2009)
35 UCS <Es,50 < 100 UCS SC I Marzano et al. (2009)
620 UCS <Es,50 < 1460 UCS - I Ganne et al. (2010)
55 UCS <Es,50 < 160 UCS S/R V Jegandan et al. (2010)
220 UCS <Es,50 < 360 UCS S/R V Jegandan et al. (2010)
15 UCS <Es,50 < 130 UCS SC V Jegandan et al. (2010)
121 UCS <Es,50 < 132 UCS SC V Jegandan et al. (2010)
MC: marine clay
SC: silty clay
C: soft clay
G: gyttja
S: sand
R: gravel
- : not reported
L: lime
P: pulverized fly ash
V: various combinations
∗ Bedding error correction
 low stress range
 high stress range
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Figure 2.28: Effect of strain measurements on secant modulus of elasticity (mod-
ified from Porbaha et al. 2000).
zolanic reactions (Huang and Airey, 1998), as well as of the pore-water
suction in the partly saturated, treated material (Lade and Overton, 1989).
Tensile strength is found to increase with binder content (Porbaha et al.,
2000), curing time and density (Consoli et al., 2001).
Typically, tensile strength is estimated as a certain percentage of the
unconfined compressive strength of stabilized soils. Values comprised be-
tween 9-15% of UCS have been usually reported (e.g. Clough et al., 1981;
Hirai et al., 1989; Consoli et al., 1996; Saitoh et al., 1996) for both treated
sands and clays. Somewhat higher values have also been indicated by
Terashi et al. (1983).
Dong et al. (1996) proposed to evaluate the tensile strength from the
unconfined compressive strength at 7 curing days by σt,7 = 0.29 UCS7.
It should be pointed out that, normally, tensile strength is determined
by Brazilian splitting tests instead of unconfined traction tests. If the latter
type of tests are used, larger tensile strengths are expected (Koseki et al.,
2005).
Higher values of tensile slitting strength have been attained in silty and
silty-clayey soils stabilized using lime and slag as binders rather than PFA
(Indraratna, 1996).
2.5.5 Effects on permeability
The addition of a binder to a soil may both increase and reduce its per-
meability.
Generally, lime stabilization of cohesive materials increases the hydraulic Lime
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conductivity, k, as well as the initial void ratio of the natural soil due to
initial flocculation process developing immediately after mixing (Hunter,
1988; Locat et al., 1990; McCallister and Petry, 1992). According to Baker
et al. (2005), an increase in permeability of 5 to 50 times with respect to
the intact clay can be obtained in lime columns, but also increments of
2-3 orders of magnitude have been reported (Rathmayer, 1996; Porbaha
et al., 2000). However, a limit lime content (Figure 2.29a) beyond which
a progressive decrease in k occurs seems to exist (Locat et al., 1996). This
threshold value corresponds to the so called lime modification optimum,
previously defined in Section 2.4.1.
Due to the flocculation/agglomeration effect, relatively higher perme-
abilities are measured in lime treated soils originally containing large
portion of reactive clay minerals (Brandl, 1981; Bell, 1988).
At long curing times, the infilling of cracks and voids with precipitated
hydration products generated by pozzolanic reactions gradually reduces
the permeability and porosity (both the cumulative pore volume and the
pore sizes are reduced) of stabilized materials (Figure 2.29b) (Croft, 1967b;
Broderick and Daniel, 1990; Locat et al., 1990).
When cement is used as binder for stabilization purposes, a mono-Cement
tonically decreasing linear relationship between cement content and hy-
draulic conductivity can be established (Tokunaga et al., 2005), irrespec-
tive of the soil type (Figure 2.30).
Lower permeability values can customarily be observed after cement
stabilization in both sandy and clayey soils (Kawasaki et al., 1981; Åhn-
berg et al., 1994; Okumura, 1996; Chew et al., 2004), even if more pro-
nounced results are attained in granular soils due to the higher initial
values. In this respect, Åhnberg (2006b) proposed for soft clays an em-
pirical formula for the estimate of the after treatment permeability given
by
k
kuntr
= 0.043 · exp
(
6
w
wn
− 0.004 UCS
)
(2.51)
where k and kuntr are the hydraulic conductivity of the treated and un-
treated soil, respectively, and w and wn are, respectively, the water content
of the stabilized and unstabilized material.
Curing time in cemented soils produces similar effects to those pro-
vided by lime addition. In particular, the long term drop in permeabil-
ity is consistent with the decrease in pore size as C-A-S-H and C-S-H
products are deposited onto the particles composing the microstructure
of improved materials. The large inter-cluster voids are thus gradually
enclosed by layers of cementitious products with much smaller entrance
pore diameters. For this reason, the permeability should be considered
primarily controlled by the entrance diameters (throats) rather than the
inter-cluster void size (Chew et al., 2004).
From the previous considerations, well cemented soil constructions can
practically be assumed impermeable for most engineering applications
(Croft, 1967a; Rathmayer, 1996).
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(a) Lime content effect at 30 days of curing
(b) Time effect at 30, 100, 200 days of curing
Figure 2.29: Permeability curves vs. void ratio of treated clay samples (modified
from Bell 1996).
The water-to-cement ratio seems to affect the hydraulic performance of
stabilized soils, with higher permeabilities obtained for higher w/c (Al-
Tabbaa et al., 1998; Marzano et al., 2009).
Contrarily to what noticed in lime treatments, the larger the fine con-
tent, the lower the achieved hydraulic conductivity is, especially when
bentonite is used (Porbaha et al., 2000; Marzano et al., 2009). Al-Tabbaa
and Evans (1999) noted that the smallest part of the grain size distribu-
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Figure 2.30: Effect of cement content on the hydraulic conductivity of treated
clay (modified from Tokunaga et al. 2005).
tion curve of soils governs both permeability and strength properties of
improved grounds.
Small percentages of zeolite (10-15%) have been found to cause half
an order of magnitude reduction in permeability and 30% provoked no
reduction at all, whereas, for higher proportions, increments in k were
detected (Jegandan et al., 2010).
Finally, high levels of contamination in the site could lead to detri-
mental consequences on the hydraulic properties of cement-treated soils
(Knop et al., 2005).
2.5.6 Effects on durability
Two important properties directly related to the durability of stabilized
soils are the shrinkage and swelling potentials.
Shrinkage is a time-dependent deformation occurring in the absence ofShrinkage
any applied load. It consists of three different mechanisms, known as dry-
ing shrinkage, autogenous shrinkage, and carbonation. Drying shrinkage
arises when excess water not consumed during hydration diffuses into
the surrounding environment, resulting in a net volume loss. Autoge-
nous shrinkage is the water loss due to continued hydration of the binder.
Carbonation shrinkage is the process by which CO2 in the atmosphere
reacts with Ca(OH)2 in the cement paste, in the presence of moisture.
All these processes create a reduction in water content and, consequently,
in the volume associated with the formation of a diffuse crack pattern,
especially visible on environmentally-exposed surfaces.
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Due to the fact that ground improved structures are normally embed-
ded in the subsoil and prevalently not exposed to the air, only the first two
mechanisms are presumed to affect significantly the durability response
at short terms after mixing (Croft, 1967b).
To quantify the shrinkage potential of treated soils, generally, the shrink-
age limit is adopted. It represents the water content at which further loss
of moisture does not result in any additional reduction of volume.
Swelling is another physico-chemical process causing time-dependent Swelling
deformation in free-load conditions. Swelling, contrarily to shrinkage,
produces an increase in volume due to the water absorption capacity
of the material, i.e. the ability of accommodating water molecules in its
mineral structure. Because of their fabric, smectite and montmorillonite
clays are characterized by high swelling potentials and, thus, regarded as
expandable soils. When water is available, it can easily enter interlayer
sites within the crystalline structure of these types of clays, producing
expansion. Obviously, stabilized sands are not affected by this kind of
mechanism.
Swelling potential is usually quantified in clays by means of the free
swell index, SI, expressed in ml/g of soil, according to Sivapullaiah (2000).
SI is obtained by measuring the equilibrium volume, Vd, of 10 g of an
oven-dried clay-soil sample poured into a 100 ml graduated cylinder con-
taining about 40 ml of distilled water, according to the following equation:
SI =
Vd
10
(2.52)
The greater the measured volume and the larger the absorbed volume of
water is.
However, relevant swelling can also develop independently of the type
of soil in environments rich in sulphates since it is associated with the for-
mation of delayed ettringite (Equation (2.26)), which often dramatically
threaten the functionality and efficiency of ground improved construc-
tions. More details about this phenomenon and their effect on ground
treatment are given in the next section.
Shrinkage and swelling are inevitably related to each other and, typi-
cally, expandable soils are also denoted by an accentuate shrinkage poten-
tial. Furthermore, both properties are partly correlated to the drying rate,
which increases with the increase of attractive forces between structural
elements and, thus, also with the degree of cementation (Stepkowska,
1994).
Both properties are notably improved by either lime (Figure 2.31) or
cement addition to natural soils (Bell, 1996; Puppala et al., 2003).
Figure 2.31a shows a notable increase in shrinkage limit with the in-
crease in lime content. This is mainly due to flocculation/agglomera-
tion reactions established after the introduction of the stabilizing agent.
Flocculated structures, contrarily to those with a parallel arrangement of
particles, undergo much less volume reduction upon drying (increase in
shrinkage limit).
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(a) (b)
Figure 2.31: Effect of lime content on (a) shrinkage limit and (b) free swell index
of expandable clays (modified from Sivapullaiah 2000).
An optimum lime content approximately reducing the swelling poten-
tial to zero can be individuated in Figure 2.31b. The reduction in SI at this
small proportion of lime (about 1-3% lime) is probably a consequence of
the depression in the double layer thickness induced by cation exchange
mechanisms in the soil fabric. Flocculation/aggregation phenomena tak-
ing place to a great extent at higher binder contents produce a consider-
able increase in SI, further increasing with time. Thus, high flocculated
structures like kaolinite do not appear to be favourably affected by lime
treatment (Sivapullaiah, 2000).
Experimental evidence has confirmed these results (e.g. Brandl, 1981;
Wild et al., 1998) and that, at small contents, lime is more effective than
cement in very soft and expandable clays (Croft, 1967a; Bell, 1988).
Limited improvement in shrinkage and swelling properties have been
obtained, especially at long curing periods, in soils treated with PFA
(Çokça, 2001). On the other hand, GGBF slag has proved in several con-
texts to markedly reduce both vertical swell and shrinkage strain (Pup-
pala et al., 2003).
Another very important property, mainly for infrastructural engineer-Frost action
ing, is the resistance of mixed soils to frost action. Contrary to cement,
frost heaves of lime stabilized soils are in most cases bigger than for un-
treated soil when subjected to freezing temperatures within one month
after compaction. Notwithstanding, the ability to resist to freeze-thaw cy-
cles customarily increases rapidly with the amount of lime and curing
time (Bell, 1988). The speed and depth of frost penetration is reduced with
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lime stabilization at long ages because the soil flocculates and the bigger
void ratio provides a worse heat conductivity. Cement stabilizations have
the opposite effect (Brandl, 1981). The resistance in this case is assigned
to the strength of cementation bonds. Therefore, mixes containing more
cement survive longer (Al-Tabbaa and Evans, 1998). The addition of ben-
tonite or other types of clay minerals (Al-Tabbaa, 2005) and of reactive
MgO (Liska and Al-Tabbaa, 2009; Jegandan et al., 2010) causes the mix-
tures to be much more resistance to the effects of freeze/thaw cycling.
After very long times (longer than ten years) some deterioration (re- Chemical attacks
duction in strength) may occur due to calcium leaching at the periphery
of the treated soil (Löfroth, 2005). In the presence of acidic groundwater,
excessive leaching hydrolysis of the cementitious phases is accelerated
and disintegration promoted (Croft, 1967a). Nevertheless, cement-treated
soils have better chemical resistance than lime-treated materials (Broder-
ick and Daniel, 1990).
In sodium sulphate and sulphuric acid solutions significant deteriora-
tion of cement-based stabilized soils is expected due to the formation of
delayed ettringite. Reactive magnesia and zeolite have proved to be very
effective in ground improvement works in sulphate rich environments.
More details about this issue are given in the next section.
2.6 stabilization of problematic soils
Stabilization efficiency is strongly influenced by chemical composition of
soils. A high level of sulphates or high concentrations of organic matter
or contaminants may lead to detrimental effects on the development of
strength and hydraulic characteristics of the treated mass.
2.6.1 Soils rich in sulphate
As previously anticipated, sulphate may bring about the phenomenon
of delayed ettringite formation (commonly referred to as DEF). When high
amounts of water are available and the concentration of sulphates in the
pore liquid of the hardened stabilized soil is high enough for an unusually
long time, these ions may react with calcium- and aluminium-containing
phases of the cemented matrix to produce ettringite, resulting in a signif-
icant expansion. Due to this expansion empty cracks (gaps) are formed
around soil aggregates. The cracks may remain empty or later be partly
or even completely filled with ettringite.
Even worst consequence are related to the formation of thaumasite,
according to the following reaction
CSˇH2 + CCˇ + C-S-H + 12H → C3SSˇCˇH15 (2.53)
in which Cˇ represents CO2. This reaction requires low temperatures (0-
10◦C) and causes a reduction and, in some cases, the complete consump-
tion of the calcium-silicate hydrates that are responsible for the improved
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strength and hydraulic properties of mixed soil, as well as deleterious me-
chanical tensile stresses attributable to the high crystallization pressure.
DEF can be encountered in soils treated using either lime (Sivapulla-
iah, 2000) or cement as binder and is often associated with the failure of
stabilized pavement bases at long curing times after treatment (Mitchell,
1986).
Due to the need of C-S-H phases for ettringite formation, the presence
of sulphate in lime-treated structures is expected to influence only the
long-term pozzolanic reactions (Hunter, 1988). The proportion of clay-
sized particles and the type of soil are thus major controlling factors for
sulphate attack. Kaolinite has been found to be less affected than mont-
morillonite when exposed to sulphates. One of the main reasons for this
is the faster dissolution of silica from the finer montmorillonitic soil than
from the coarser kaolinite particles.
Some studies in the past have shown that Na- and Ca- sulphates in
clays could increase the peak strength of the treated mass at early stages
after lime addition (Sivapullaiah and Manju, 2006) due to the greater
amount of cations (Na+ and Ca2+) derived from sulphate dissolution,
both increasing the pH of the pore liquid and effectively participating
to cation exchange reactions with soil minerals. At longer curing times,
anyway, strength is normally marginally higher than that of the native
material.
Where insufficient clay minerals are present, lime induced heave gen-
erally does not occur. Furthermore, without an abundance of water both
ettringite and thaumasite cannot be generated.
DEF can be also strongly hindered using sulphate resistant cements for
stabilization of soils rich in sulphates (Puppala et al., 2003) and zeolite
(Osman and Al-Tabbaa, 2009).
Zeolites are three-dimensional tetrahedral structural framework con-
taining channels and cavities in which cations and water molecules are
located. Cement and zeolite mixtures are useful for enhancing the sul-
phate resistance of cement-treated soils, as a significant reduction of sul-
phate ions binding into the cemented matrix and a decreased quantities
of hydration products capable of reacting with the sulphate solution can
be observed. This notable outcome is attributed to the fact that zeolite:
1. consumes the Ca(OH)2 created during the cement hydration to pro-
duce cement-like hydration products, reducing the amount of port-
landite available for DEF;
2. have such an open structural framework able to accommodate the
ettringite crystals formed during the sulphate attack and to prevent
the material from expanding.
It is worth noticing that sulphates tend to reduce the solubility of or-
ganics (Jacobson et al., 2005).
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2.6.2 Organic soils
Binders typically have little effect on soils characterized by an elevated
content of organic matter (OM) and low pH values (Sivapullaiah, 2000;
Hernandez-Martinez and Al-Tabbaa, 2005). Both these factors are impor-
tant aspects to be accounted for in the design of ground improved con-
structions. In particular, pH values lower than 9 provoke the dissolution
of hydration products and limited hardening of the treated matrix (Trem-
blay et al., 2002), whereas UCS is expected to considerably decrease with
the increase of OM irrespective of the type of binder (Kitazume, 2005).
Although not always strongly correlated closely to the amount of organic
matter in the soil, ignition loss (Li) can be sometimes applied as a conve-
nient index (Babasaki et al., 1996).
In many cases, pH can be related to the quantity of organic compounds
within the soil. For this reason, pH is frequently considered less signifi-
cant than OM for the evaluation of the effects of organics on the overall
response of treated structures.
According to Tremblay et al. (2002), organic matter in soils can be di-
vided into three categories:
• "non-humic organics": predominantly consist of vegetable, animal,
or micro-organism remains;
• "humic organics": composed of weathered and/or transformed non-
humic portion;
• "organic contaminants": mostly of anthropogenic origin.
The presence of organic matter gives the soil an aggregated structure
which contributes to increase pore sizes and, consequently, compressibil-
ity. Furthermore, organic matter increases the liquid and plastic limits
and the remoulded undrained shear strength.
When performing soil stabilization, organic matter may interfere with
the hydration process (e.g. Locat et al., 1990; Porbaha et al., 2000; Hayashi
and Nishimoto, 2005; Wilkinson et al., 2010), since it tends to coat additive
grains, retarding or preventing hydration reactions.
Experimental results from unconfined compression tests performed on
treated clayey soils contaminated by several types of organic compounds
emphasize that only some of them really hamper the cementing process
(Tremblay et al., 2002). The most detrimental are acetic acid, humic acid,
tannic acid, EDTA, and sucrose. Humic acid
depresses the pH
and form insoluble
products reacting
with CH
Nonetheless, many experiments have demonstrated that organic soils
and peat can be successfully treated with large amounts of different ce-
ment mixtures (Åhnberg et al., 1994; Åhnberg and Johansson, 2005), espe-
cially in clays with higher cation exchange capacities and with more ex-
changeable sites for cement reactions and/or organic compound absorp-
tion. The stabilization potential of an organic soil is further dependent
upon the ability of strong, stable hydration products to fill voids and take
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up excess water (Porbaha, 2005). A minimum amount of binder seems to
be required to produce a sufficient improvement (Parkkinen, 1997).
A minimum organic matter content above which soils can be reason-
ably regarded as organic is about 3-4%, because it is the concentration at
which modifications of the original properties starts. Below this value, ce-
menting clearly occurs, whereas the effect of cement is smaller at higher
OM percentages. Notwithstanding, in specific conditions, OM less than
3% could lead to ineffective treatments (e.g. Dupas and Pecker, 1979; Ku-
jala et al., 1996; Saitoh et al., 1996).
2.6.3 Effects of contaminants
In her general report on "Stabilization/solidification" (S/S) method, Al-
Tabbaa (2005) described the main advantages in using S/S techniques
for remediation of contaminated sites, whenever recycling or reuse of the
waste materials was not economically or technically feasible:
• without removal of the contaminants, S/S prevents their further
spreading in the surrounding layers;
• S/S represents an immediate solution for highly contaminated sites,
which can be shortly afterwards redeveloped;
• S/S is a cost-effective method.
The most relevant disadvantages are associated with the increase in the
final volume due to reagent addiction, lack of homogeneity, loss of effi-
ciency with time, and high cost of the additives. Water flow is considered
the major responsible for its degradation over time (Knop et al., 2005).
The principal purpose of S/S is to stabilize and/or to solidify the con-
taminants by immobilizing them with binders. Contaminants alter the
properties of the fresh and hardened soil-binder mixtures and delay set-
ting and hydration processes. Lower strengths are usually achieved. How-
ever, provided these effects are within controllable/acceptable limits, con-
taminated soils may be effectively improved. Recent studies have also
shown that some contaminants may actually preserve or even enhance
the mechanical properties of treated soil masses. For instance, the addi-
tion of small quantities of mineral oil to a stabilized soil does not seem
to affect the strength gain but only delays hydration reactions (Tremblay
et al., 2002).
What make a binder suitable for S/S of contaminated soil is its "chemi-
cal immobilization potential", which is given by:
1. absorption of ions into, and adsorption on, high surface area C-S-H;
2. precipitation of insoluble hydroxides, owing to high alkalinity;
3. lattice incorporation into crystalline components of set cements;
4. development of hydrous silicates.
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Figure 2.32: Effect of different concentrations of lime on the compressibility of a
kaolinitic soil compacted with 4N NaOH (modified from Sivapulla-
iah et al. 2006).
The chemical features of cement matrices which promote or inhibit
these immobilization processes, especially for heavy metals, include
• internal pH: it should be in the range of 7.5-11, values at which
heavy metals show minimum solubility (Young, 1972);
• internal redox potential: low redox potentials are desirable as mul-
tivalent metals can be chemically reduced in high pH environments
to lower-valent, less soluble species;
• sorption potential: related to particle size, shape, specific surface,
and porosity of the hardened matrix, as well as to pH, concentration,
and type of the contaminant species. Sorption potential increases in
S/S materials containing sorptive materials such as clays or zeolites;
• precipitation in the form of metal hydroxide;
• crystallochemical incorporation: incorporation of contaminants into
the cemented matrix. In addition macro-encapsulation11 may occur.
From these requirements, it is possible to conclude that cement can
generally lead to good stabilization effects in contaminated soils (Knop
et al., 2005), but also lime seems to provide significant results (Sivapul-
laiah et al., 2006) in treating clays containing spent liquor and NaOH
(Figure 2.32).
11 Macro-encapsulation consists in the physical entrapment of contaminants in the discon-
tinuous pores within the large structural matrix.
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Concerns regarding the physico-chemical degradation of binders and
the long-term effectiveness (mechanical and permeability properties) of
the S/S technique have regularly been raised in recent years. In this re-
spect, QC/QA programmes are always necessary to ensure the planned
performance level over time. For S/S remediation effectiveness analysis,
EPA-542 (1991) and USACE 1100-1-158 (1995) recommend unconfined
compression tests, column leaching tests, durability and hydraulic con-
ductivity tests (Knop et al., 2005).
2.7 admixtures
Several researches in the past have been carried out in order to study
the effects on the overall response of treated soils of different types of
admixtures, e.g. sodium and calcium chloride/sulphate, sodium silicate,
and bentonite.
As discussed briefly in the previous sections, the addition of chloridesChlorides
(NaCl, CaCl2) in soft clays (in particular in montmorillonite minerals) pro-
duces the following effects:
• the excess of Na+ and Ca2+ ions derived from salt dissolution in
the pore water increases its pH, producing at first an enhanced dis-
solutions of clay minerals and later on the development of cation
exchange reactions with the silicon and aluminium released by the
strong alkali attack (Freer-Hewish et al., 1999);
• they decrease the liquid limit and reduce the spacing between clay
particles (reduction in the double layer thickness), thus increasing
workability (Modmoltin and Voottipruex, 2009);
• they improve flocculation processes and accelerate the formation of
aggregates (Rajasekaran and Narasimha Rao, 1998) with a gradual
shifting of the grain size distribution towards larger diameters;
• finally, they increase the strength properties when added to stabi-
lized soils (according to Rajasekaran and Narasimha Rao 2000, max-
imum increase in strength from 8 to 10 times with respect to that
of the original montmorillonite clay can be expected), even if Ca
admixtures seem to be more beneficial than Na compounds (Mod-
moltin and Voottipruex, 2009).
Nonetheless, chlorides may be detrimental at higher proportions, es-
pecially when steel reinforcements are installed in the ground improved
structures.
Although at short curing after mixing, sulphates lead to somewhat simi-Sulphates
lar effects than those obtained by chlorides (the same phenomena, in fact,
govern the initial stages - Rajasekaran and Narasimha Rao 1997, 1998),
at longer curing periods considerable reduction in strength can be ob-
served due to DEF. The reduction in strength is greater with an increase
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in sodium sulphate content than with an increase in calcium sulphate
content. This is partly because of the enhanced amount of hydration and
pozzolanic products formed by the additional availability of calcium ions
supplied by the calcium sulphate and not by the sodium sulphate (Siva-
pullaiah, 2000). Furthermore, Rajasekaran et al. (1996) noted that most of
the calcium ions in lime-clay-NaSO4 systems are held in the Stern layer12,
while sodium ions occur prevalently in the diffuse layer, not improving
effectively the cation exchange reactions with the soil.
These considerations allow to conclude that the use of calcium sulphate
and, in particular, of sodium sulphate in combination with lime for clay
stabilization is not encouraged (Rajasekaran and Narasimha Rao, 1996,
2000). Due to the release of sulphate ions in the pore solution, the same
observation is also valid for sandy soils.
On the other hand, lime and cement with the addition of sodium sil- Sodium silicate
icate have been found somewhat more effective than the use of the sole
binder in ground improvement applications (Broderick and Daniel, 1990;
Freer-Hewish et al., 1999).
Finally, in cement treatments, bentonite can be used to stabilize more Bentonite
effectively organic soils, improve durability (chemical and freeze/thaw
attacks - Osman and Al-Tabbaa 2009) and reduce permeability of treated
mixtures (Al-Tabbaa and Evans, 1998; Al-Tabbaa et al., 1998; Porbaha
et al., 2000; Marzano et al., 2009), and prevent segregation of suspended
particles (Lebon, 2005), thus enhancing homogeneity of ground-mixed
constructions. However, a slight reduction in strength can customarily be
detected.
2.8 effect of fibre addition
Typically, the addition of cement significantly increases the strength of
soil under both static and dynamic loads, contributes to volume stabil-
ity, and increases the resistance to liquefaction of sandy soils (Maher and
Ho, 1993). Moreover, with the increasing of binder content, a marked
change in the type of failure from ductile to brittle is expected. The abrupt
strain-softening taking place after the achievement of the peak stress and
leading to a residual strength approximately similar to that of the un-
treated soil may be partly reduced by introducing in the mixtures a cer-
tain amount of synthetic fibres.
In the past, the reinforcement of soils with discrete fibres has been
shown to improve the soil’s response and reduce shrinkage and swelling
of expandable clays (Puppala et al., 2003). Furthermore, the inclusion of
fibres moderately increases resistance to both static and dynamic loads
of sands (increase in liquefaction resistance), even if to a lower level with
12 The Stern layer consists in a packed layer of counterions (ion that accompanies an ionic
species in order to maintain electric neutrality) in a closely packed layer close to the
particle surface, with an adjacent diffuse double layer extending outward into the solution
(Mitchell and Soga, 2005).
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respect to cement stabilization. No appreciable influences on plasticity,
compactibility, and compressibility of soft clays due to fibre inclusion
have been noticed (Kaniraj and Havanagi, 2001).
Hence, the use of fibres in combination with cement produces a com-
posite material that is more resistance (in compression and tension) and
ductile than cemented soil alone (Consoli et al., 1999). The inclusion of
synthetic fibres in the composite acts directly in the control of cracking
propagation, improving post-peak mechanical properties. They increase
strength, ductility, energy absorption, resistance to fatigue and impact
(Consoli et al., 2004). A notable outcome arisen from this coupled effect
is the possible reduction in the amount of stabilizing agent to reach a
predefined strength and, consequently, a lower risk of delayed ettringite
formation in sulphate environments (Puppala et al., 2003).
Nevertheless, in-situ and laboratory mixing is a critical factor in the
case of discrete, randomly oriented fibre reinforcement. Blade or paddle-
type mixers do not work as they tend to drag and ball up the fibres. An
uneven homogenization of fibres would also appear using vibratory mix-
ers that tend to float fibres up (Gray and Al-Refeai, 1986). The advantages
of a random distribution of fibres is related to the maintenance of strength
isotropy throughout the loading action, thus averaging the stresses over
large areas.
The parameters which influence the interaction between fibres and the
cemented matrix include fibre content, orientation of fibres with respect
to failure surface, fibre modulus and roughness, and soil granulometry. It
is worthy to note that reinforcement with fibres is usually more effective
for uncemented soils (Consoli et al., 1998).
A statistical fibre model for the prediction of strength of fibre reinforced
sands has been developed by Maher and Gray (1990). It is based on sev-
eral statistical hypotheses on the distribution of the fibres in the soil mass,
on the geometry of the reinforcement elements, on the friction distribu-
tion along them, and on a bilinear failure envelope with the bilinearity
break in the correspondence to a threshold confining stress, referred to as
critical confining stress, σcrit.
Below this confining stress, failure occurs by slipping of the fibres and
lack of adhesion within the soil mass; at confining pressures above the
critical level, the soil normally fails before the fibre (Maher and Ho, 1993).
Besides, the maximum increase in strength on a relative basis is measured
at confining stresses lower than σcrit (Figure 2.33a). A more curved-linear
envelope is typical of uniform rounded sands (Figure 2.33b).
This type of failure mechanism can be extended to the case of fibres
immersed in cement-soil matrix (post-peak behaviour).
The increase in strength with the amount of fibres in uncemented soils
is almost linear (at contents up to 2% by weight) at high confining stresses
and/or fibre aspect ratios (increase contact surface area and friction be-
tween the fibres and soil), but approaches an asymptotic upper limit at
lower values of these two parameters (Gray and Maher, 1989). At the
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(a) Mortar sand – angular grains (b) Dune sand – rounded grains
Figure 2.33: Principal stress failure envelope from triaxial compression tests on
sands reinforced with glass fibres of different aspect ratio (L/Ø)
(modified from Maher and Gray 1990).
same aspect ratio and weight fraction, rougher fibres tended to be more
effective in increasing strength at low confining stresses (Maher and Gray,
1990).
On the contrary, in cemented materials, strength at failure may be re-
duced for particularly higher contents and lengths of reinforcing elements
due to the increasing discontinuity generated in the treated mass and to
the reduction in cementitious bonds formed between soil particles. This
effect is further pronounced for extensible fibres, such as those composed
of polypropylene, as their contribution to the stress – strain behaviour
rely on the magnitude of the soil deformation and also on their stiffness
(Maher and Ho, 1993). However, at higher confining stresses the cement
and/or fibre’s contribution to strength seems not as effective as observed
under low confining stress.
The peak friction angle, commonly regarded as to be unaffected by ce-
mentation, and the residual strength, expressed in terms of both friction
angle and cohesion, increase when fibres are added to the treated soil.
The peak apparent cohesion, finally, is reasonably assumed to be affected
by the sole degree of cementation due to the small to non-existent ad-
herence between fibres and the soil-cement matrix (Consoli et al., 1999).
Notwithstanding, a higher aspect ratio could lead to a reduction in c′p.
The volumetric response lies between those characterizing the unrein-
forced cemented soil (dilatant) and the fibre-reinforced uncemented one
(more compressive in the early stages of loading and then less expansive)
(Consoli et al., 1998).
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The addition of fibres may decrease the stiffness of the cemented soil
mass, but the extent of this reduction is based on the nature of the rein-
force introduced in the mixture.
Weakly and moderated cemented sands demonstrate a failure mode
that is brittle under low confining stresses and ductile under higher pres-
sures. Strongly cemented sands, on the other hand, are brittle under both
low and high confining stresses. The reason for the change from brittle
to ductile failures is associated with the relative contributions to sand re-
sponse of the cementation and friction components of the deformation
resistance mechanism (Maher and Ho, 1993).
As stated above, fibres promote ductile failures (Kaniraj and Havanagi,
2001; Puppala et al., 2003), with more important benefits noticeable in
highly cemented specimens (Consoli et al., 1999). To evaluate this im-
provement in ductility, a brittleness index, IB, has been defined:
IB =
q f
qres
− 1 (2.54)
where q f and qres are, respectively, the failure and ultimate deviatoric
stresses.
The brittleness index increases with increasing fibre content and length
and reduces with increasing confining stress.
Another important property related to IB is the energy absorption capac-
ity, ED(10%) (Consoli et al., 1999), which is represented by the area under
the stress – strain curve up to 10% strain. The addition of fibres signif-
icantly increases the energy absorption capacity of cemented sands, es-
pecially at higher contents and lengths of fibres and at lower confining
stresses.
Finally, fibre inclusion in stabilized soils may produce an increase in
tensile strength in addition to that provided by cementation, more pro-
nounced for higher fibre content and longer fibre lengths (Puppala et al.,
2003; Consoli et al., 2004).
The overall response is anyway strongly dependent on the nature ofInfluence of the
nature of the fibres fibres. Consoli et al. (2004) performed a series of tests on fibre-reinforced
cemented sands using three types of fibres, namely glass, polyester, and
polypropylene. The outcomes, reported in Figure 2.34, show that:
• during loading application, when the first fissure appears, there is
the tendency for the fibre to try to elongate at such a point. Ex-
tendible fibres, such as propylene, will elongate and hence the shear
stress in the fibre-matrix interface will not increase. Stiffer fibres,
like glass, which permit only small deformations, will provoke a
stress concentration in the fibre-matrix interface. As soon as the ad-
hesion strength is reached, the reinforcement tends to be pulled out.
The pull-out will be progressive for extendible fibres, and practi-
cally instantaneous for stiff fibres. This allow to conclude that glass
fibres are inefficient when the objective is to obtain new composite
materials with ductile post-peak characteristics.
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(a)
(b)
Figure 2.34: Effect of binder content (aw), fibre content (Fc), and fibre length
(L) on (a) brittleness index (IB) and (b) energy absorption capac-
ity (ED(10%)) of cemented and uncemented matrices reinforced with
three types of fibres (modified from Consoli et al. 2004).
• the inclusion of polyester and glass fibres gives no effects or just
a little reduction in the secant modulus of elasticity. Polypropylene
fibres cause a significant reduction in the initial stiffness due to the
large volume occupied by the fibres, which affects the continuity of
the cementitious bonds.
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• the ultimate state is basically influenced by fibre inclusion, except
for glass fibres. The inclusion of polyester and polypropylene fibres
increases qres (both φ′res and c′res), with a more pronounced effect
obtained for longer reinforcing elements.
• the tenacy13 can be increased by using longer fibres that have high
deformation at failure, such as polypropylene fibres.
In lime stabilized expansive clays, Puppala et al. (2003) suggested an
optimum amount of polypropylene fibres ranging between 0 and 0.15%
by dry weight of soil.
2.9 choice of binder
The choice of the most suitable binder for stabilization purposes is af-
fected by technical, economical, and, to an increasing degree, also envi-
ronmental aspects. From previous considerations, it is clear how the effect
of different binders can vary considerably accordingly to the type of soil
to be treated. For this reason, generally, the optimal binder composition
defined for one soil would not be directly applicable to another one.
It is worth noticing that the optimal binder combination is not necessar-
ily the combination yielding the highest possible strength in the shortest
possible time. The fact that more moderate strength levels often permit a
higher degree of interaction with the surrounding soil is an important per-
spective to be considered, as well as the possible benefits of a long-term
strength increase (Åhnberg et al., 2003).
Actually, clear recommendations for the choice of the best suitable
binder and the necessary quantity for stabilizing a specific soil type can-
not be derived from research results. Still today, both composition and
amount of binder mixtures have to be customized for the soil types of
each new site (Rathmayer, 1996).
The experimental evidence has shown that, as a rule, strengths of sta-
bilized soils are considerably lower when treated with lime than with
cement (Brandl, 1981). Especially in organic soils, Jacobson et al. (2005),
using combination of lime-cement as binder, observed the presence of a
region of the mix-proportion space for which lime is detrimental to the
corresponding mixture strength.
In clays, usually, both lime (up to a threshold content of about 4-8% de-
pending of the type of minerals contained - Bell 1996) and cement (Çokça,
2001) may provide satisfactory performances.
However, caution must be paid in sulphate rich soils. In this condi-
tion, the use of composite cements and blast-furnace cements are recom-
mended (Puppala et al., 2003).
In soils containing high fraction of organic matter, especially humic
acid, GGBF slag in combination with cement has typically proved to
13 Tenacy: energy spent in deformation.
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Table 2.4: Guidelines for selecting admixtures in organic soils (according to
Kuno et al. 1989).
Soil Class
Type of binder
Slaked
Lime
Quick
lime
Slaked
Lime +
Gypsum
OPC
OPC +
Gypsum
Zone A • • • • •
Zone B ◦ ◦ • • •
Zone C × ◦ ◦ • •
Zone D × × × • •
Zone E × × × × ◦
Zone F × × × × ×
• : the short-term increase is excellent.
◦ : the short-term increase is modest, but the long-term is significant.
×: even at long-terms the strength is not significant.
be very effective (e.g. Åhnberg et al., 2001; Hernandez-Martinez and Al-
Tabbaa, 2005; Porbaha, 2005), even if in specific contexts it may be consid-
ered inappropriate (Hayashi and Nishimoto, 2005).
In this respect, Kuno et al. (1989) proposed guidelines (Table 2.4) for
selecting admixtures on the basis of a soil classification based on natural
water content and humic acid content (Figure 2.35).
Figure 2.35: Soil classification zones based on the natural water content and the
humic acid content (modified from Kuno et al. 1989).
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Table 2.5: Guidelines for selecting admixtures in soft and organic soils (accord-
ing to EuroSoilStab 2002).
Binder
Type of soil
Silt Clay
Organic soils
Peat(e.g. Gyttja,
organic clay)
OM OM OM OM
0-2% 0-2% 2-30% 50-100%
Cement xx x x xx
Cement + gypsum x x xx xx
Cement + furnace slag xx xx xx xxx
Lime + cement xx xx x -
Lime + gypsum xx xx xx -
Lime + furnace slag x x x -
Lime + gypsum + slag xx xx xx -
Lime + gypsum + cement xx xx xx -
Lime - xx - -
– : not suitable
x : good in some cases
xx : good in many cases
xxx : very good binder in many cases.
When using GGBF slag, both in combination with lime or cement, sig-
nificant improvements have further been observed in inorganic and non-
cohesive soils (Jegandan et al., 2010; Wilkinson et al., 2010).
To evaluate the potential effectiveness of a binder in treating a particu-
lar ground context, Hayashi and Nishimoto (2005) suggested to use a pa-
rameter, SAC, related to the chemical composition of the stabilizing agent.
Notwithstanding, the influence of the construction method, economical
efficiency, and other conditions must be considered in determining the
final choice.
Recently, the EuroSoilStab research project (EuroSoilStab, 2002), which
was carried out by 17 partners and which was funded by the EU, provided
useful recommendations for the stabilization of soft organic soils (Table
2.5).
In wet mixing methods, an amount of binder of about 100-150 kg/m3,
increasing for problematic conditions (e.g. presence of organics, contam-
inants) to 200 kg/m3 and further beyond, should be considered suitable
in most engineering applications. When particular design specifications
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require somewhat higher strength and lower permeabilities, the cement
factor may be increased up to 400-500 kg/m3 of natural soil.
Despite these general indications, standard strength and permeability
tests on samples of mixed soil expressly prepared in the laboratory or
collected from field trials at the site should always be employed to de-
termine the most appropriate stabilizing agent and the quantity required
for the specific condition (Åhnberg et al., 2003; Al-Tabbaa, 2005). In this
way, any special mixing, waste handling, or chemical reaction problem
can be identified and resolved before mobilization to the field (Bates and
Malott, 2005). Furthermore, since the suitability of a soil for stabilization
is controlled by its chemical and mineralogical composition as well as its
texture, an understanding of these basic properties is fundamental to re-
ject many unsuitable materials without recourse to testing (Croft, 1967a).

3P R O D U C T I O N , C U R I N G A N D E N V I R O N M E N TA L
C O N D I T I O N S
3.1 general
The final performance of ground improvement structures depends not
only on the type of soil and binder used and on the mix design adopted
for the in-situ construction, but also on their installation procedure (mix-
ing) and on the actual curing, environmental, and loading conditions.
To determine the achieved level of effectiveness, mechanical and per-
meability tests are usually performed on laboratory prepared samples
of soil-binder mixtures created expressly for suitability purposes prelim-
inary to the jobsite activity. Other tests are then customarily carried out
during preparatory field trials and throughout the real site production. In
these cases, samples have to be retrieved at different depths and curing
times directly from the improved ground. Special care should be paid in
sampling operations, since they are believed to inevitably cause bias on
the hydro-mechanical properties of the collected material. Furthermore,
the same laboratory devices and testing condition could definitely influ-
ence the attainable outcomes.
Because of the quite different blending and curing processes, labora-
tory and field mixed samples are generally characterized by different re-
sults. In this respect, new-developed DM machines have been recently
equipped with high technological instrumentation and monitoring sys-
tems able to provide continuous information about the most important
parameters affecting the quality and homogenization of the mixed struc-
tures and, possibly, explain variations from the expected (laboratory) per-
formance.
A brief description of all the previous issues is reported in more details
in the following sections.
3.2 mixing
The mixing procedure and the mixing degree of soil-binder mixtures are
certainly the primary aspects to be considered when good quality struc-
tures have to be realized (Mitchell, 1981; Rathmayer, 1996; Usui, 2005). As
discussed in Section 1.2, many technical solutions exist to blend soils with
a stabilizing agent, being the distinction between dry and wet methods
only the basic classification among them.
According to Okumura (1996), dry mixing is better from the view point
of water content, because the strength of treated soils is typically found to
be inversely proportional to the moisture content for most soft grounds.
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However, the mixedness of dry methods is not necessarily same but lower
in many cases than that of wet methods, as it is strongly dependent on
the placement tool used (Tatsuoka et al., 1997).
Several researchers have proposed a direct comparison between dry
and wet methods in order to improve the knowledge about these types
of systems and to assess the most effective approach for soil treatment.
Filz et al. (2005) stated that strengths measured in wet mixed columns
are much higher than those observed in dry mixed columns. Massarsch
(2005) found that the hydraulic conductivity of dry mixed columns is
higher than the permeability of the surrounding soil, whereas the con-
trary occur using wet methods. On the other hand, Larsson and Kosche
(2005) concluded that dry mixing have approximately 30% higher shear
strength than wet mixing. Despite these findings, according to Larsson
(2005) and Porbaha (2005), dry and wet methods are based on similar de-
sign and mixing principles and the common belief that the final quality
is better using wet technologies should be regarded as misleading. Con-
sequently, to determine which type of technique represents the most ad-
equate ground improvement solution fulfilling both design requirements
and engineering purposes, specific field trials ought to be carried out at
the site accompanied by intensive QC/QA programmes.
In wet methods, two types of construction procedures can be adopted:
the "one-phase" or the "two-phase" system, depending on the way in
which the cementitious slurry is injected into the ground, i.e. throughout
the penetration and withdrawal phases in the former case ("penetration-
injection method"), or only during the extraction of the mixing tool in the
latter circumstance ("withdrawal-injection method").
In comparison with the withdrawal-injection procedure, the penetration-
injection system often results in lower strengths, since during penetration
large outflows of cement slurry may occur. Nevertheless, a better homog-
enization and a consequent reduction in the variation of strength results
are expected (Yoshizawa et al., 1996). This makes the penetration-injection
method more recommendable for soft soils. When more difficult subsoil
conditions are encountered, the withdrawal-injection procedure should
be selected, in order to supply the stabilizer in a more uniform way to
the ground and provoke less problems during installation, as the soil has
already been loosened at the drilling stage (Porbaha et al., 2001).
In the construction of cut-off diaphragm walls addressed to environ-
mental or hydraulic applications, the necessity of ensuring a complete
impermeable continuous structure may be of fundamental importance.
To obtain this condition, normally, a certain overlap between mixed el-
ements is assured, but it is worthwhile to notice that the overlap zones
frequently show lower strengths and higher permeabilities than the single
element (Al-Tabbaa, 2005).
The ability of the additive to penetrate coarse aggregates and to modify
the active constituents is commonly indicated as the main factor for a
successful stabilization, especially in cement treatments (Croft, 1967a,b).
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Thereby, the lower the size of the soil clods to be treated, the more efficient
the binder action is.
Notwithstanding, Larsson and Kosche (2005) underline how it is cur-
rently doubtful whether it is economical to remould and disaggregate
the soil before adding the binding agent and how it is not certain that
complete disaggregation of the soil will have exclusively positive effects
on the strength gain. In clays, for example, once mechanical blending is
concluded, the mixing process continues by molecular diffusion, mainly
by migration of calcium ions from the stabilised soil into the unstabilized
surrounding layers. Therefore, this diffusive mechanism allows a possible
reduction in the mixing energy transferred to the soil due to the unneces-
sary complete disaggregation of the original clay agglomerates.
3.2.1 Factors affecting mixing quality
Many factors are related to the mixing effectiveness of a specific site treat-
ment, even though, the effect of some of them on the overall performance
is still not very clear. Probably, for a given soil and binder, the field mixing
technique and economical factors will control the success of the stabiliza-
tion method (Al-Aghbari et al., 2009).
One of the most important parameter controlling the efficacy of mix-
ing treatments is the water content of the soil-binder mixture. It may be
associated with the natural water content of the same soil when dry mix-
ing methods are employed, or with the total-water-to-cement ratio in wet
mixing applications. A limited increase in the degree of liquidity (up to a
specific value) of the soil being mixed causes both an increase in strength
and uniformity of the blended material (Bell, 1988; Rathmayer, 1996). Be-
cause of this fact, many new mixing technologies rely upon wetting up
the soil formations encountered at the site and fluidising them sufficiently
for a much more effective homogenization of the resulting mix (Lebon,
2005). The achievement of the correct degree of fluidization is absolutely
a critical task and ideal consistency for optimum mixing lies slightly be-
yond the liquid limit content of the original soil (e.g. Bergado et al., 2005;
Kitazume, 2005).
Other parameters affecting the performance are the geometrical config-
uration of the mixing tool (number of shaft, number and types of blades,
position and diameter of the nozzle), the rotational speed, the penetration
and withdrawal speed, the time of mixing, and the effect of air injection.
A comprehensive description of the relative effects provided by single
mixing parameters on the overall efficiency of ground improvement treat-
ments is reported in Table 3.1.
The number of shafts, as well as the number of blades mounted on each
shaft, has been found to improve performances (Al-Tabbaa and Evans,
1999; Porbaha et al., 2001; Larsson, 2005; Larsson et al., 2005b).
The use of flight augers may be sufficient for predominantly granular
soils, but with increasing fineness and stiffness more complicated mixing
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Table 3.1: Factors influencing strength variability of DM structures
(according to Larsson 2005).
Factor
Strength
variability
Mixing tool geometry related to
incorporation and spreading of binder
+++
Rheological properties +++
Compaction / consolidation +++
Retrieval rate ++
Number of blades ++
Binder content ++
Amount of air ++
Mixing tool geometry +
Type of binder +
Rotation speed -
Air pressure -
+++ Significant and major influence.
++ Significant influence.
+ Diverged results.
- No or weak influence.
tools provided with mixing and cutting blades of different shapes and
arrangements are required (Massarsch, 2005). The incorporation of a set
of anti-rotation vanes to prevent simultaneous rotation of the excavated
soil with the mixing blades is essential to ensure a good homogenization
at the site (Yoshizawa et al., 1996).
Thin blades show, in general, higher strengths than those obtained with
thicker elements (Dong et al., 1996).
Experimental findings confirm the significant effect of blade orientation
and geometry on the achieved quality, particularly in the case of very soft
ground. However, no extensive scientific studies have been published on
the shape of mixing tools and its effect on the mixing process of deep
mixing structures. It is therefore not possible to give general recommen-
dations concerning the mixing tool geometry, as well as the diameter and
position of the outlet hole (Larsson et al., 2005b).
High rotation speed is desirable since the intensity of mixing increases
and the time for installation concurrently reduces (Dong et al., 1996;
Yoshizawa et al., 1996; Porbaha et al., 2001).
The retrieval rate (along with the number of blades) seems to be the
most affecting parameter controlling the results attained from in-situ soil
treatments. It is indeed inversely correlated to the mixing time and, con-
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sequently, to the energy transferred to the ground (Aalto, 2001). Lower
withdrawal speeds, in particular, are suitable when a high strength level
and a good homogenization are required.
Lower extraction speeds in combination with anti-rotating vanes fur-
ther avoid the lifting of blended material which could possibly get stuck
on the tool during the mechanical mixing action.
Finally, the amount of air injected has been reported to have consider-
able effects on the strength properties of stabilized soils (Larsson, 2005).
The mixing energy and mixing procedure are very important aspects to
be accounted for during the design of any ground improvement work, as
they strongly influence both the hydraulic and mechanical behaviours of
stabilized soils (Holm, 2005). They are further more important when a low
amount of binder, especially cement (Bell, 1988; Åhnberg et al., 2003), is
used, as it has to be spread very efficiently throughout the treated volume
in order to promote hydration and pozzolanic reactions.
The type of soil and its rheological behaviour have a considerable im-
pact on the efficiency of a mixing process and on the effort necessary to
mix it up. Clays, normally, require more mixing energy than sands to
reach an adequate homogenization, even if, in the current practice, there
is a risk that much of the energy used in the dispersion process is ex-
pended on remoulding the cohesive material.
To date, there are still no simple and validated models for the predic-
tion of strength properties of improved soils able to take into account,
besides other factors (e.g. curing conditions, type of soil and binder, etc.),
mixing energy concepts. On the other hand, the present knowledge is
mainly based on laboratory and model tests, which are deemed to be
not representative of the real in situ conditions (e.g. Rogers et al., 1997;
Terashi, 1997; Bruce et al., 1998). Furthermore, only a few outcomes from
field tests are available.
More efficient and powerful monitoring systems mounted on recently
designed DM machines have been continuously developing and allow the
collection of several information about the mixing process and produc-
tion data which can subsequently be correlated to laboratory outcomes
(Babasaki et al., 1996).
This emphasizes the relevance of effective Quality Control/Quality As-
surance (QC/QA) procedures for the evaluation of the achievement of
the requirements provided by design specifications.
3.2.2 Quality Control/Quality Assurance of ground improvement works
When ground improved structures are installed in the site, the only way
to determine if they positively respond to the required design specifica-
tions is by means of QC/QA procedures. The installation process is gen-
erally supervised by continuous monitoring and recording of a number
of field parameters. According to CEN TC 288 the execution control shall
include:
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• penetration and retrieval speed of the mixing tool;
• rotation speed of the rotating unit(s) of the mixing tool;
• air pressure (in case of dry mixing);
• feed rate of binder/slurry.
Torque and some other energy-related parameters are routinely measured.
The installation-control system may also record mixing depths, start time,
time at bottom, finish time, grout mix details, grout injection pressures, to-
tal grout injected, etc. Pore water pressures and vertical and lateral move-
ments are typically monitored during production (Larsson, 2005).
There are several ways to perform QA/QC programmes at the site,
namely by penetration methods, field load and hydraulic conductivity
tests, geophysical methods, and visual examinations.
Penetration tests are interesting approaches which permit to measure
in the field the improvement effect of treated soil masses. Unfortunately,
they can give useful and reliable information only for low strength and
moderately stabilized soil volumes.
Field load and hydraulic conductivity tests are probably the most signif-
icant methods to technically evaluate the behaviour of mixed structures at
the occurrence of their ultimate and serviceability limit states. Neverthe-
less, they are expensive and take some time to be performed, producing
inevitable consequences on the time schedule of the jobsite activities.
Geophysical methods have recently been used to monitor and estimate
the quality of DM works. The shear wave velocity (Vs) measured within
the stabilized mass may be correlated to important mechanical properties,
e.g. the tangential elastic modulus at very small deformation, G0. Some
empirical correlation between Vs and UCS have been developed (e.g. Hird
and Chan, 2005; Massarsch, 2005; Porbaha, 2005; Madhyannapu et al.,
2010), but they seem rather poor due to the fact that shear waves are char-
acteristic of conditions far from the ultimate failure state. The main ad-
vantage of seismic surveys are associated with their non-invasive nature
and the short time needed for the measurements. On the contrary, they
cannot be used to reckon a reliable estimate of the mechanical properties
achieved at the site, but only approximate values and trends.
Usually, visual examination should not be used for quality assessment
(Larsson et al., 2005a).
In alternative to the previous investigation methods, laboratory tests
are frequently used. Samples can either be directly prepared in the lab-
oratory for suitability purposes (in this case, they are composed of the
same soil of the site blended with different binders in order to assess the
most suitable mix design for the specific situation) or collected from the
site by coring or wet grab sampling. Laboratory tests are cheaper than
those carried out in the field, but may be not representative of the real
ground improved material.
Probably the most correct parameter to be correlated with the strength
and, hence, with the performance of mixed soil construction is the "binder
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Figure 3.1: Conceptual representation of the scale and intensity of segregation
(modified from Larsson 2001).
dispersion" within the treated volume. This quantity is certainly function
of the amount of binder and the mixing efficiency in homogenizing the
several phases composing the final material.
The first step in determining the mixing quality on the basis of the Definition of
"homogenized
mixture"
binder dispersion is to describe in a more scientific way the concept of
"homogenization". A mixture can be regarded as "homogenized" when
the compositions of all ingredients are uniform throughout its volume
(Larsson, 2001). Despite this general interpretation, this concept should
be applied to a suitable "scale" in order to make sense.
In this respect, a scale of scrutiny may be defined: it is the minimum Scale of scrutiny
size of the regions of segregation in the mixture that would cause it to be
regarded as imperfectly mixed for a specific purpose. This definition is
logically linked to other two concepts schematically represented in Figure
3.1 and illustrated hereafter:
• Scale of segregation: it is a measure of the average size of the un-
mixed regions;
• Intensity of segregation: it depicts the difference in concentration
between adjacent regions and can also be interpreted, in this case,
as the effect of the molecular diffusion in a mixture.
It is worth noticing that the scale of scrutiny should be larger than the
scale of segregation to account for the real variation in concentration in
the investigated material.
Mixing quality can then be expressed by the mean binder concentration
and its variance. Given a series of n observations of a random variable X,
the sample mean, x, and the sample variance, s2, are point estimators of the
corresponding population mean, µX, and population variance, σ2X, and can be
computed by (Montgomery, 2008)
x =
1
n
n
∑
i=1
xi (3.1a)
s2 =
1
n− 1
n
∑
i=1
(xi − x)2 (3.1b)
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The coefficient of variation can be calculated by means ofCoefficient of
variation
CV =
s
x
(3.2)
where s is the sample standard deviation.
Statistical analyses have shown that the sample variance of a completely
segregated mixture, s20, can be defined as
s20 = x(1− x) (3.3)
and the intensity of segregation, Υ, by
Υ =
s2
s20
=
s2
x¯(1− x) (3.4)
Υ is equal to 1 for a completely segregated mixture and 0 for a uniform
mixture.
The sample concentration variance of a completely random mixture, s2R, i.e. a
mixture in which binder particles can be found in any random position
within the sample, is instead given by
s2R =
x(1− x)
np
(3.5)
where np is the number of particles in each sample. From Equation (3.5) it
is clear how an increase in the number of binder particles in each sample
causes a more even distribution of the agent in the volume and a corre-
sponding reduction in the the sample random variance. This means that
it is easier to achieve a good mixing quality with a high binder content.
To determine the mixing quality, it is therefore essential to estimate the
minimum number of samples, the appropriate sample size, and a suitable
measuring technique and method of analysis.
According to statistical practice, about 30 samples are needed to pro-
vide a good approximation of the mean value of a normal population
with unknown mean and unknown variance (Montgomery, 2008).
Samples must have an adequate scale in order to agree with the concept
of scale of scrutiny and must be obtained from different locations (sample
random selection).
On the assumption that errors induced by sampling operations and
analysis procedures are independent, the total concentration variance, σ2X,
in a mixture is given by
σ2X = σ
2
mixing + σ
2
analysis + σ
2
sampling + σ
2
purity (3.6)
where σ2analysis, σ
2
sampling, and σ
2
purity are, respectively, the variances due to
analytical errors, sampling errors, and purity differences; σ2mixing is the
variance due to imperfect mixing and will decrease to a value σ2R in the
fully random state. Influences of sampling and analysis method can be
significant and, unfortunately, are difficult to estimate (Larsson, 2001).
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This statistical approach leads to the definition of a mixing index: Mixing index
Imix =
amount of mixing that has occurred
amount of mixing that could occur
=
s20 − s2
s20 − s2R
= 1− s
2
s20
(3.7)
The mixing index indicates how far the mixture is from the initial state.
For a completely segregated mixture it is equal to zero, while for a com-
pletely random mixture it is 1. However, the mixing index defined in
Equation (3.7) is relatively insensitive to the mixture quality. A more sen-
sitive parameter can be expressed as
Imix = 1− ss0 (3.8)
Equation (3.8) is, therefore, a simple and effective statistical tool for the
determination of the degree of mixing based on the amount of binder in
the mixed material. Nevertheless, the evaluation of Imix is biased by the
unknown exact proportion of stabilizing agent injected into the soil, es-
pecially when wet mixing methods are used. For this reason, the actual
amount of calcium present in the treated soil should be introduced in
the above relationships in place of the supposed binder content. Calcium
content is deemed to be prevalently related to the presence of cemen-
titious hydration and pozzolanic phases formed after binder addition,
since clays normally contains only small fraction of this chemical element.
Notwithstanding, the measurement of this quantity can be carried only
by advance mineralogical investigation techniques not very common in
the standard geotechnical practice.
Moreover, because of sampling is generally not random and the num-
ber of samples in each series is small (due to the additional costs), it is
difficult to estimate a confidence interval1 for statistical analyses and to
draw definite conclusions.
A number of alternative mixing indexes may be employed for a more
continuous and simple quality control of the mixing process and of the
strength properties of ground improved constructions. These indexes are
expressed in function of different parameters, each of them described sta-
tistically by a certain probability distribution, represented by its mean
value and its standard deviation. It is worth noticing that the variability
of the each selected parameter is intrinsically connected with a certain
scale (Larsson, 2005), which has to be taken into account in the defini-
tion of the most suitable scale of scrutiny. Variation of these parameters is The size of samples
are usually much
smaller than the
scale of scrutiny.
1 According to Montgomery (2008) an interval estimate of a parameter is the interval be-
tween two statistics that includes the true value of the parameter with some probability.
For example, to construct an interval estimator of the mean, µX , it is necessary to find
two statistics L and U such that
P{L ≥ µX ≥ U} = 1− α (3.9)
The resulting interval L ≥ µX ≥ U is called a 100(1 - α)% confidence interval for the
unknown mean µX . L and U are called the lower and upper confidence limits, respectively,
and 1− α is called the confidence coefficient.
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expected also in space. The description of the spatial variability requires
additional information, i.e. the scale of fluctuation, which estimates the dis-
tance within which the soil property shows relatively strong correlation.
More specifically, it is found to be associated with the well known auto-
correlation function.
The selection of the unconfined compressive strength, UCS, and of its
coefficient of variation as reference parameters to estimate the degree
of mixing in DM applications is a routine choice (Kawasaki et al., 1981;
Burke and Sehn, 2005; Larsson, 2005).
In accordance with EuroSoilStab (2002), a new mixing index based on
the undrained shear strength of the treated and untreated soil may be
defined as
Se f f =
su,soil
su,treated
(3.10)
where Se f f is named stabilization effect, and su,untr is the undrained shear
strength of the untreated material. This definition assumes implicitly that
there is a relationship between binder content and strength.
In order to evaluate the mixing efficiency of DM methods, Baghdadi
and Shihata (1999) proposed the use of the efficiency of mixing, ηmix, given
by
ηh =
UCS f ield
UCSlab
x100% (3.11)
Another type of mixing index was suggested to determine the efficiency
of mixing by comparing the strength of laboratory prepared samples with
that obtained from samples collected at the site. The resistance ratio, Rr, in-
terpreted as the dimensionless ratio of the measured to design strength,
is based on the hypothesis that the strength and deformation properties
derived from tests on laboratory prepared specimens are the best attain-
able. This hypothesis has been validated by many experimental studies.
The quality index is finally computed by
Imix =
Rr − 1
sR
(3.12)
where Rr is the expected value of Rr and sR is the corresponding expected
standard deviation. This index describes the number of standard devia-
tions separating the best estimate of Rr from its limiting value of 1.
Despite all these versions of mixing index provide useful estimation
of the degree of mixing achieved at the site, they cannot be used during
production stages or just after the completion of the structure to deter-
mine whether or not a mixed soil element has been created according to
the required design specifications. To overcome this problem, a process
parameter named blade rotation number was developed by Yoshizawa et al.Blade Rotation
Number (1996) and is now assumed by Japan (e.g. Usui, 2005) and European stan-
dards (EN 14679, 2005) on DMM as common factor for the assessment of
treatment effectiveness.
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The blade rotation number, B, represents the total number of rotations
during 1 m of penetration and withdrawal (Yoshizawa et al., 1996; Por-
baha et al., 2001) and can be defined by
B =∑ nB
(
Nd
Vd
+
Nu
Vu
)
(3.13)
where ∑ nB is the total number of mixing blades, Nd and Nu are the ro-
tational speeds (rpm) of the blades during penetration and withdrawal,
and Vd and Vu are the mixing blade velocities (m/min) during penetration
and withdrawal phases, respectively.
To take account of the fact that only part of the binder is really intro-
duced in the treated volume, Equation (3.13) can be rewritten as follows
(Larsson, 2005)
B =∑ nB
[
Nd
Vd
·
(
αe f f
α
)
+
Nu
Vu
]
(3.14)
where αe f f is the effective quantity of binder delivered during penetration.
Traditionally, in Sweden, the retrieval rate (mm/rev) of the mixing tool is
used as a measure of the mixing quality. The blade rotation number or
the number of cycles per metre of column can be calculated in this case
as
B =∑ nB · 1vu (3.15)
where vu is the retrieval rate of the mixing tool during withdrawal.
Sufficient good quality can be obtained for B ranging between 250 and
400-500 depending on the subsoil conditions (Larsson et al., 2005b).
Good logarithmic correlation between the blade rotation number and
the stabilization effect, normally expressed by the attained strength level,
have been experimentally observed. Moreover, Larsson et al. (2005b) no-
ticed that an approximately logarithmic relationship between the mixing
quality (dependent on CV) and the mixing work can also be established.
An interesting correlation between the coefficient of variation of sta-
bilized soils (related to the degree of mixing) and simple geotechnical
parameters accounting for the effect of B has been developed by Larsson
(2005):
CV = a− b · wn
wL
· log B (3.16)
where a and b are two fitting coefficients: the former is assumed to depend
on the spreading capacity of the tool and on the incorporation of binder
over the column section, while the second is regarded to depend mainly
on the tool capacity to wet the binder, break down agglomerates, and
distribute and compact the mixture.
A schematic relationship between strength and the corresponding co-
efficient of variation of stabilized soils with respect to the blade rotation
number is presented in Figure 3.2.
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Figure 3.2: Schematic relationship between strength and coefficient of variation
of stabilized soils with respect to the blade rotation number (modified
from Larsson and Kosche 2005).
It is noteworthy to underline that other parameters associated with
the physico-chemical properties of stabilized masses (e.g. dielectric con-
stant) may be successfully used for QC/QA procedures of DM structures
(Zhang and Tao, 2008).
Although many efforts have been done in order to define more stan-
dardized criteria for the quality assessment of ground improved construc-
tions, no enough attempts to correlate the degree of mixing to the effective
mixing energy per cubic metre of stabilised soil (in terms of J/m3) have
been made so far. The specific mixing energy is probably a combining
key factor by which it could be theoretically possible to compare directly
different techniques equipped with different mechanical mixing tools. In
fact, the main disadvantage in using the blade rotation number is that
this factor is closely connected with the specific geometry of the selected
mixing tool.
It is finally important to emphasize that the adjustment of strength
properties of treated soils by simple modification of the production pa-
rameters could be considered an uneconomical and, sometimes, ineffec-
tive solution. According to Larsson (2005), the strength magnitude should
be adjusted primary by a more correct choice of the type and amount of
binder.
3.3 curing conditions
Curing affects strongly the strength development and the hydraulic and
mechanical behaviour of DM structures and its influence is a function of
time, temperature and relative humidity (Bell, 1996). Generally, strength
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Figure 3.3: General strength evolution with time using lime- and cement-based
binders.
is expected to increase with curing time, with a more pronounced rapid
evolution observed in the initial stages after mixing. The effect of temper-
ature is to increase the early-term strength of stabilized materials, but, at
the same time, to possibly reduce their long-term strength. A moist envi-
ronment is finally always desirable as allows complete hydration of the
binders used for stabilization purposes (Croft, 1967b; Bell, 1988).
The influence of time and temperature on strength gain of treated soils
together with a brief literature review of the empirical methods available
for the prediction of strength based on these properties are presented and
discussed in the following sections.
3.3.1 Influence of curing time
The effect of curing time on the hydro-mechanical behaviour of stabilized
soils is mostly attributable to the progressive precipitation of cementi-
tious products formed by hydration of the binder particles and to the
subsequent pozzolanic reactions between primary hydration phases and
soil minerals. The chemical composition of these compounds and the time
required to be generated vary considerably in function of the type of soil
to be treated, of the stabilizing agent used at the site and, particularly, of
the binder content adopted for production (Åhnberg, 2006a). Appreciable
influence of time is recognizable only when a minimum binder content is
mixed with the ground (Bell and Tyrer, 1989; Locat et al., 1996; Kamruz-
zaman et al., 2001; Kwan et al., 2005).
A schematic trend of strength gain with curing time is reported in Fig-
ure 3.3 for cement and lime treatment.
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Cement is expected to generate larger amounts of cementing phases at
shorter time after mixing than lime, due to its hydraulic nature and self
hardening properties. On the contrary, lime, still reacting rapidly with
water, cannot provide by itself any contribution to the strength of DM
structures. In order to produce such improvement, lime has to be mixed
with reactive materials, like clay minerals, especially expandable clays, or
alkali-activated sands. This is the reason why lime, in dry form, is often
used for stabilizing only soft and very wet soils. However, as the slow
rate of pozzolanic processes is normally not acceptable for engineering
applications, lime is customarily used in combination with cement.
In their experimental study on the behaviour of treated clays, peats,
and Swedish gyttja (organic soil), Åhnberg and Johansson (2005) observed
that a more rapid stabilization occurred in samples mixed with binders
containing cement. Notwithstanding, at longer curing times the strengths
obtained from these samples tended to level off to a fairly constant value
or showed clearly reduced rates of long-term increase with respect to the
specimens containing lime, which exhibited a steadier pronounced long-
term increase in strength.
Similar results were described by many researchers in the literature and
allow to conclude that a considerable factor of safety could be assumed
when DM constructions are designed based on strengths measured at 7,
14, or 28 days (Bell, 1988).
Curing time has been also found to affect the elastic modulus of cement
stabilized clays (Bell, 1996), but the relative improvement detectable is
usually lower than that achieved in strength (Tatsuoka et al., 1997).
The strain corresponding to the peak stress of the stress – strain curve
of treated soils is not significantly influenced by the length of the curing
period, being characterized by only small reductions at long ages (Siva-
pullaiah, 2000).
The continuous precipitation of new cementitious compounds produces
the gradual infilling of pores present in the stabilized matrix and a pro-
gressive reduction in the hydraulic conductivity of both lime and cement
treated soils (e.g. McCallister and Petry, 1992).
Several empirical equations for the prediction of strength developmentEmpirical
relationships of cemented soils have been proposed. Many of them are simple correla-
tions between unconfined compressive strengths at different curing times,
UCSt, as reported in Table 3.2.
Experimental evidence shows that strength data can be customarily
well approximated by a natural logarithmic function of the curing time
(Brandl, 1981; Hirai et al., 1989; Jacobson et al., 2005; Kitazume, 2005). Sig-
nificant statistical correlation has also been observed between measured
strength, age after mixing, and water-to-cement ratio in accordance with
Filz et al. (2005). These authors found that good predictions can be ob-
tained using relationships of the following types:
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UCSt = a + b · ln tcur + c · w/c (3.17a)
UCSt = a + b · ln tcur + c · ln w/c (3.17b)
ln UCSt = a + b · ln tcur + c · ln w/c (3.17c)
where tcur is the curing time (days) after mixing. Small differences in
results have been detected in using these equations, thus confirming their
approximate equivalence.
Table 3.2: Empirical correlations between strengths at different curing times.
Relationship Soil CEM Reference
UCS3 = 0.26-0.63 UCS28 MC I Kawasaki et al. (1981)
UCS7 = 0.49 UCS28 − 64 MC I Kawasaki et al. (1981)
UCS7 = 0.71 UCS28 + 57 MC I Kawasaki et al. (1981)
UCS60 = 1.17 UCS28 MC I Kawasaki et al. (1981)
UCS730= 1.67-2.5 UCS28 MC I Asano et al. (1996)
UCS28 = 1.49-1.56 UCS7 MC I JCDIT (2002)
UCS91 = 1.85-1.97 UCS7 MC I JCDIT (2002)
UCS91 = 1.20-1.33 UCS28 MC I JCDIT (2002)
UCS7 = 0.40-0.70 UCS28 C/P V Åhnberg et al. (2003)
UCS91 = 1.20-1.40 UCS28 C/P V Åhnberg et al. (2003)
UCS364= 1.40-1.90 UCS28 C/P V Åhnberg et al. (2003)
UCS7 = 0.40-0.70 UCS28 C/O V Åahnberg et al. (2005)
UCS365= 1.20-2.80 UCS28 C/O I Åahnberg et al. (2005)
UCS365= 1.30-13.0 UCS28 C/O L Åahnberg et al. (2005)
UCS28 = 1.30-1.50 UCS7 SC I Kwan et al. (2005)
UCS28 = 1.30-1.60 UCS7 SC I/S Kwan et al. (2005)
UCS28 = 1.80-2.00 UCS7 SC I/P Kwan et al. (2005)
UCS90 = 2.50-3.00 UCS28 SC/O V Westerberg et al. (2005)
MC: marine clay
SC: silty clay
C: soft clay
O: organic soil
P : peat
L: lime
S: ground granulated blast furnace slag
P: pulverized fly ash
V: various combinations
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Figure 3.4: Relative increase in unconfined compressive strength, UCS, with
time for cement stabilized clays and gyttja (modified from Åhnberg
2006b).
An example of UCS – ln tcur dependence is that described by Åhnberg
(2006b). The mathematical equation by which the unconfined compres-
sive strength at t days after mixing can be estimated is given in this case
by
UCSt
UCS28
= 0.3 · ln t (3.18)
A comparison between measured and predicted values using different
formulations is presented in Figure 3.4.
Some researchers in the past proposed to predict the strength evolution
of stabilized soils by using common formulae frequently adopted in con-
crete production. One of these relationships is a hyperbolic law relating
the actual unconfined compressive strength of a cemented sample to a ref-
erence strength value obtained from mixtures prepared with a predefined
water-to-cement ratio:
UCS
UCS0.5
= a + b
1
w/c
(3.19)
where a and b are two fitting parameters.
According to Nagaraj et al. (1996), in DM applications the water-to-
content ratio in Equation (3.19) should be replaced with the liquid limit
of the natural clay to be treated (wL is implicitly assumed to represent the
total-water-to-cement ratio of the mixture). The unconfined compressive
strength is indeed observed to decrease with increasing wL and to in-
crease with increasing binder content. Considering as a reference the rest
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period of 14 days and a natural logarithmic correlation between strength
and curing time, the UCS at a generic age after treatment may be com-
puted by
UCSt
UCS14
= a +
b
wL
+ c · ln tcur + d · α (3.20)
where a, b, c, and d are best fitting coefficients.
Since wL, expressed in percent, appears in the denominator of Equation
(3.20) and the value of the coefficient d is normally very small, the contri-
butions of these two terms can be neglected. This approximation is also
reasonable since the percentage of cement admixture and liquid limit are
inbuilt parameters in the strength determined after 14 days. Hence, Equa-
tion (3.20) may be finally rewritten as:
UCSt
UCS14
= −0.20+ 0.458 ln tcur (3.21)
In a recent study, Ganne et al. (2010) confirmed the validity of the for-
mula devised by EN 1992-1-1 (2004) (European Standard for the design
of concrete structures) for the prediction of the strength level achieved in
wet mixed soils at different curing times:
UCSt = βcc(t) UCS28 = exp
[
a
(
1−
√
28
tcur
)]
UCS28 (3.22)
where a is a fitted parameter ranging, for the CSM technique, between
0.96 and 0.99.
Another model typically used in concrete design is the so called Abram’s Abram’s law
law, which is defined by the following equation:
UCS =
A
Bw/c
(3.23)
where A and B are two model constants. Contrarily to the previous ap-
proach, this model provides a relationship between UCS and w/c gov-
erned by a power law function. For stabilized materials, the parameter
A may vary greatly as it is generally dependent on the type of clay, the
liquidity index, and the rest period, whereas the variation of B in the liq-
uidity range 1-2.5 is between 1.22 and 1.24, irrespective of the type of soil
or the age (Horpibulsuk et al., 2003).
Comparing two samples of the same treated clay prepared with differ-
ent total-water-to-cement ratios, namely (wT/c)1 and (wT/c)2, from the
application of Equation (3.23) the following relationship results:
UCS(wT/c)1
UCS(wT/c)2
= 1.24(wT/c)1−(wT/c)2 (3.24)
Equation (3.24) allows the estimation of the unconfined compression
strength of a cemented soil sample produced with a certain wT/c, given
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the strength and the total-water-to-cement ratio of a reference mixture
prepared with the same soil.
The basic model described by Equation (3.23) can also be used to com-
pare the strength of stabilized soils at a particular value of wT/c but at
different curing times, namely t1 and t2:
UCSt1
UCSt2
=
At1
At2
(3.25)
Regarding B as constant, Equation (3.25) underlines that strength devel-
opment with time is controlled only by the value of A at fixed wT/c.
Both the generalization of the Abram’s law by considering a reference
value for UCS (at a predefined age, e.g. 28 days) and wT/c (0.5) and the
assumption of a natural logarithmic relation between strength and curing
time lead to
UCSt
UCS28
= 0.038+ 0.281 ln tcur for LI = 1.0 - 2.5 (3.26)
The generalized interrelationship between strength, curing time, and
wT/c to predict strength development of cement-admixed clays for wT/c
ranging from 3 to 16 is expressed by a combination of Equations (3.24)
and (3.26) as
UCS(wT/c)1,t
UCS(wT/c)28
= 1.24(wT/c)28−(wT/c)t(0.038+ 0.281 ln tcur) (3.27)
The previous equation is simple within the framework of Abrams’ law
and requires strength data for only one trial mix (Horpibulsuk et al., 2003).
However, according to Porbaha et al. (2000), a reliable applicability of the
Abram’s law to predict the strength of stabilized soil may be considered
in some cases somewhat doubtful.
3.3.2 Influence of curing temperature
Several studies have confirmed that the hydration and pozzolanic reac-
tion processes significantly depend on temperature (Bell, 1996). Elevated
temperatures, in fact, promote an increase in the rate of strength devel-
opment (Åhnberg et al., 1994; Åhnberg, 1996; Porbaha et al., 2000) and,
consequently, the achievement of better mechanical properties especially
at short terms after treatment (Kitazume, 2005) (Figure 3.5). On the other
hand, low temperatures, below 4◦C, retard and in many cases completely
stop any hydration or pozzolanic reaction (Bell, 1988).
Nevertheless, in concrete an increase in temperature during the first
stages of curing, even if increasing notably the initial strength, could
lead to an unsatisfactory decrease of the long-term strength (Taylor, 1997;
Carino and Lew, 2001), as shown in Figure 3.6. Similar outcomes are ex-
pected in cement-stabilized soils.
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Figure 3.5: Effect of curing temperature on the compressive strength of a marine
clay (modified from Kawasaki et al. 1981).
Due to its direct relation with the chemical mechanisms occurring dur-
ing the hydration process, the effect of temperature is intrinsically con-
nected with the type of binder and soil to be treated and with the actual
Figure 3.6: The "cross-over effect" due to different early-age concrete tempera-
tures during the development of the strength-maturity relationship
(modified from Carino and Lew 2001).
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amount of stabilizing agent adopted for production (Åhnberg et al., 1989).
In lime a considerable amount of heat, much greater than that observed
in cement stabilization, is generated right after mixing. Despite this initial
difference, the heat produced by lime slaking rapidly drop off, whereas
that derived by cement hydration continues for a longer period (Åhnberg
and Johansson, 2005).
The final temperature influencing the curing of DM structures embed-
ded into the ground is also dependent on the temperature variation in
the subsoil, on its thermal properties, and on the boundary conditions be-
tween the mixed material and the surrounding media, i.e. size and shape
of the improved soil mass (Babasaki et al., 1996).
In this respect, high temperatures may be detected for longer peri-
ods within larger volumes of treated soil due to the slower heat dissi-
pation. As more elevated temperatures lead to a corresponding increase
in strength, a more rapid enhancement of strength probably characterize
in-situ DM constructions rather than laboratory improved soil samples
(Saitoh et al., 1996; Van Impe and Verástegui Flores, 2006). In order to
compare directly the heat and temperatures affecting the curing process
of laboratory mixed specimens with that produced at the site, adiabatic
instrumentation should be employed (Åhnberg et al., 1989).
The exposition of cement and concrete samples to elevated tempera-Accelerated curing
tures at first stages of curing is a typical industrial procedure named ac-
celerated curing, particularly used in the production of precast concrete for
civil engineering purposes. Accelerated curing can also be performed on
stabilized materials to obtain an estimate of their long-term mechanical
behaviour (e.g. Croft, 1967a; Al-Tabbaa, 2005).
Another form of accelerated curing has been recently proposed by
Liska and Al-Tabbaa (2009). It is based on the exposure of treated soil sam-
ples to an environment atmosphere rich in carbon dioxide, which reacts
with the free lime contained in the mixture producing calcium carbon-
ate. The method is called accelerated carbonation. The formation of calcium
carbonate (calcite) could, for instance, help the sealing of contaminants
within the cementitious matrix. It should be emphasized that carbona-
tion is not representative of the normal in-situ binder hydration and of
the pozzolanic reactions taking place in the soil throughout the curing pe-
riod. Furthermore, it has the disadvantage of reducing the pH of treated
mixtures.
3.3.3 Coupled effect of curing time and temperature
As discussed above, both curing time and temperature have positive ef-
fects on the initial strength development of stabilized soils. Hence, a de-
sign tool for the prediction of strength of a binder-soil mixture cured at
different ages and subjected to environmental temperature fluctuation is
advisable.
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Figure 3.7: Schematic representation of the Maturity Index determination (mod-
ified from Carino and Lew 2001).
To this purpose, the maturity method has been developed for estimating
in-place strength evolution under variable temperature conditions. The
maturity method relies on the measured temperature history of the mixed
soil to estimate its strength gain during a predefined curing period, pro-
vided that moisture is available for binder hydration. The temperature
history is finally used to calculate the "maturity index" (Carino and Lew,
2001).
The origins of the maturity method can be traced to a series of stud-
ies on several accelerated curing methods of concrete and cement-based
materials (Nurse, 1949; Saul, 1951). The combined effect of time and tem-
perature on strength development for different elevated temperature cur-
ing criteria was simply expressed as the product of time and temperature
according to the following equation:
M =
tcur
∑
0
(T − T0) ∆t (3.28)
where M is the maturity index (◦C·days), T is the average concrete temper-
ature (◦C) during the time interval ∆t (days), T0 is a datum temperature
(usually taken to be −10◦C), tcur is the elapsed time from mixing (days).
The index computed by Equation (3.28) is currently termed "temperature-
time factor" and corresponds at some age t∗ to the area comprised between
the recorded temperature history curve and the reference temperature T0
(Figure 3.7).
From his experimental researches, Saul (1951) derived the so-called ma-
turity rule:
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Concrete of the same mix at the same maturity (reckoned in temperature-
time) has approximately the same strength whatever combination of
temperature and time go to make up the maturity.
Equation (3.28) is based on the assumption that initial rate of strength
gain is a linear function of temperature. However, this approximation
might not be valid when curing temperatures vary over a wide range.
In 1977, Hansen and Pedersen (1977) proposed a new function to com-
pute a different maturity index from the recorded temperature history of
concrete. This function was based on the Arrhenius equation that is nor-
mally used to describe the effect of temperature on the rate of a chemical
reaction. The new formulation allowed the computation of the "equivalent
age" of concrete as follows:Equivalent age
te =
tcur
∑
0
exp
[
−Eact
R
(
1
T
− 1
Tr
)]
(3.29)
where te is the equivalent age at the reference temperature, Eact is the
apparent activation energy (J/mol), R is the universal gas constant (8.314
J/(mol·K)), T is, in this case, the average absolute temperature (K) of
concrete during interval ∆t, and Tr is the absolute reference temperature
(K), frequently taken equal to 293 K (20◦C).
Equation (3.29) provides the equivalent age of cement-based materials
in terms of strength gain at the reference temperature Tr. This equation
contemplates a non-linear relationship between the initial rate of strength
increase and curing temperature, eliminating the discrepancy at early ma-
turity. The main limitation of this approach and, generally, of any ma-
turity method consists in its inability to predict the effects of early-age
temperature on later-age strengths.
The exponential term in Equation (3.29) can be considered as an "age
conversion factor" converting increments of curing time at the actual con-
crete temperature to equivalent increments at the reference temperature.
Errors may arise if the incorrect value of activation energy is used, espe-
cially at increasing difference of curing temperature from 23◦C, in accor-
dance with Carino and Lew (2001).
Hence, the key parameter in Equation (3.29) is the activation energy
that describes the influence of temperature on the rate of strength devel-
opment. This fundamental parameter may be determined by considering
the effect of curing temperature on the rate constant for strength gain, q˙.
This quantity is associated with the curing time needed to reach a certain
fraction of the long-term strength and can be obtained by fitting an appro-
priate equation to the strength versus age data acquired under constant
temperature curing (Carino and Lew, 2001).
The rate constant may be computed by means of the Arrhenius equa-
tion, describing the rate of reaction and increments in strength with in-
creasing temperature:
q˙ = A exp
(
−Eact
RT
)
(3.30)
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where the term A is called frequency factor and is related to the frequency
of collisions and the probability that the molecules will be favourably
oriented for reaction.
It is worth noticing that the age conversion factor of Equation (3.29)
represents the ratio of rate constants at two different temperatures. From
this observation, Carino and Lew (2001) suggested to use the following
exponential equation for the temperature dependence of the rate constant
q˙:
q˙ = q˙0 eΘT (3.31)
where q˙0 is the value of the rate constant at 0◦C, Θ is the temperature
sensitivity factor (1/◦C), and T is the mixture temperature (◦C).
Based on Equation (3.31) and on the fact that the age conversion factor
is a ratio of rate constants, the equation for the equivalent age at the
reference temperature is given by
te =
tcur
∑
0
eΘ (T−Tr)∆t (3.32)
According to Carino and Lew (2001), Equation (3.29) and Equation
(3.32) would result in similar values of equivalent age, but the latter is
believed to be characterized by the following advantages:
• the temperature sensitivity factor, Θ, has more physical significance
compared with the apparent activation energy: for each tempera-
ture increment of 1/Θ, the rate constant for strength development
increases by a factor of approximately 2.7;
• temperatures do not have to be converted to the absolute tempera-
ture scale;
• Equation (3.32) is simpler than Equation (3.29).
The key parameter for the development of predictive relationships for
the estimate of strengths achieved under different curing conditions in
cement-based materials is, therefore, the rate constant q˙. It is related to
the rate of strength gain at a constant temperature and it can be evaluated
from an appropriate equation of strength gain versus age.
Several predictive models based on q˙ have been proposed in the liter-
ature. The linear hyperbolic equation for strength gain under isothermal
curing at 23◦C up to an equivalent age of about 28 days (Carino and Lew,
2001) is
UCSt = UCSmax
q˙ (tcur − t0)
1+ q˙ (tcur − t0) (3.33)
where UCSmax is the limiting strength attainable and t0 the age at start of
strength development. The equation assumes that the strength develop-
ment begins at age t0 and, thus, the period of gradual increase in strength
144 production, curing and environmental conditions
during setting is not considered. The parameters UCSmax, q˙, and t0 may
be obtained by fitting procedures. It is worth noticing that UCSmax does
not represent the actual long-term strength of the material, but only the
asymptotic value of the strength for the hyperbolic function that fits the
data.
A parabolic hyperbolic equation, similar to the previous relationship,
has been suggested by Knudsen (1984):
UCSt = UCSmax
√
q˙ (tcur − t0)
1+
√
q˙ (tcur − t0)
(3.34)
The difference is in terms of the hydration dynamics of individual ce-
ment particles. In fact, Equation (3.33) is based on linear kinetics (the
degree of hydration of an individual cement particle is a linear function
of the product of time and the rate constant), whereas Equation (3.34) is
based on parabolic kinetics.
An exponential equation for the strength gain under isothermal curing
has been finally developed by Hansen et al. (1984):
UCSt = UCSmax exp
[
−
(
a
tcur
)b]
(3.35)
where a is a time constant, and b a shape parameter. This equation can
model the gradual strength increase during the setting period and it is
also asymptotic to a limiting strength. The time constant a represents the
age at which the strength reaches 0.37 UCSmax. Hence, the value of (1/a)
is the rate constant for this equation. The shape parameter b affects the
slope of the curve during the acceleratory period and the rate with which
the strength approaches the limiting strength.
According to Carino and Lew (2001), the linear hyperbolic model ap-
pears to provide good results for strength development up to about 28
days (equivalent age), but not for later ages. The parabolic hyperbolic
function is better suited for modelling the strength gain at long curing
times, whereas the exponential criterion seems to be capable of modelling
strength gains over the full spectrum of ages.
As far as DM applications concern, a predictive strength model based
on the rate of formation and growth of cementitious products and on the
Arrhenius equation (Equation 3.30) was discussed by Jalali (1994). In this
context, the UCS of the mixture was assumed to be directly proportional
to the area of the binder particles covered by hydration products, to the
diffusivity of the binding species, and to the temperature increase.
Empirical correlations relating the unconfined compressive strength of
stabilized materials to the logarithm of maturity index (Okumura, 1996)
have been recently formulated. These relationships are generally linear
regression models of the form:
UCS = a · ln M + b (3.36)
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with a and b representing the correlation coefficients obtained for the
specific case investigated (type of soil, type of binder, binder content, etc.).
Different equations have been proposed for the computation of the ma-
turity index M. According to Åhnberg et al. (1989), it may be determined
by
M = [20+ (T − 20) · c]2√t (3.37)
where c is a factor varying with the type of additive, soil, and tempera-
ture.
On the other hand, Babasaki et al. (1996) derived the following expres-
sion for M:
M =
∫ tcur
0
2 · exp
(
T + 10
10
)
dt (3.38)
Finally, Al-Tabbaa (2005) suggested to predict the strength of treated
materials in accordance with the Arrhenius’ law, in order to take into
account the combined effect of curing time and temperature.
3.4 influence of sampling and testing procedures
To determine the mechanical and hydraulic properties of stabilized soils,
it is necessary to perform strength and permeability laboratory tests on
several samples. They can be expressly prepared in the laboratory (e.g.
for suitability tests preliminary to the site activity) or collected at the site
from field trial elements realized for calibration purposes or from the
definitive structure.
However, both the preparation of laboratory samples and the sampling
procedure are very critical phases that can negatively influence test re-
sults. Furthermore, many factors related to the mere execution of labora-
tory investigations and to the choice of the most suitable testing condi-
tions could greatly affect the final outcomes.
The main objective of any laboratory test should always be to simulate
in the most reliable way the stress and loading conditions during the ser-
vice period of DM constructions. Triaxial tests appear to be the most suit-
able testing method for use in the laboratory. Nevertheless, unconfined
compression tests are much simpler, cheaper, and normally adopted for
determining the type and amount of stabilizing agent to be used for pro-
duction (Åhnberg et al., 1989).
Sample preparation and curing period before testing in the laboratory
ought to be designed in order to reasonable represent the in-situ mix-
ing procedure and the actual environment conditions occurring at the
site (Locat et al., 1990). To this purpose, recent Japanese standards (e.g.
JGS 0821-00, 2000) provide useful specifications to minimize possible un-
desired influences on the quality of mixed soil specimens during their
laboratory preparation and curing stages.
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3.4.1 Sampling and size effect
The uncertainties attributable to the actual mixing method and curing
parameters can be partially or completely reduced by retrieving samples
directly from the DM elements constructed in the field. Unfortunately, all
sampling methods are denoted by several drawbacks (Hosoya et al., 1996;
Tatsuoka et al., 1996) and depend primarily on the quality of the sampling
tool and on the skill of workmen (Usui, 2005).
Coring has the great advantage of procuring samples cured in the mostCoring sampling
representative environment, i.e. the site itself. This operation can be con-
ducted through different methods (double or triple tube) depending on
the strength magnitude of the material to be cored. On the contrary, cor-
ing suffers from some negative aspects. According to Burke and Sehn
(2005) they are:
• samples are easily damaged during the coring process and, thus,
only the best samples are leaved for testing. This can bias the re-
sults towards higher strength values (Boardman et al., 2001; Löfroth,
2005);
• coring requires specialized equipment, tooling, and drilling experi-
ence;
• retrieving deep samples from slender section is very difficult due
to the natural tendency of the core barrel to follow the path of the
least resistance out of the mixed soil;
• coring is costly and slow, limiting the number of samples that can
be retrieved.
Other disadvantages are that only a single point of small volume is sam-
pled over the treated element cross-section and the uncertainty of where
the sample is located within the treated mass.
The precise location in plan dimensions is not known also for wet-grabWet-grab sampling
samples collected from the DM elements just after their construction, i.e.
when they are still in the fresh state. A great number of wet-grab sam-
ples, typically of good quality, can be retrieved from a variety of depths
at acceptable costs and a more accurate statistical evaluation is therefore
feasible. The most significant limitations are due to the uncertain repre-
sentativeness of the collected material and to the fact that samples are not
cured in-situ.
There are contradictory outcomes concerning the strength obtained
from cores and wet-grab samples (Larsson, 2005), so no precise indica-
tions can be given. Nonetheless, in both cases large strength variability
has been frequently observed (CV = 50%).
The geometry of the final specimens to be tested could significantly af-
fect the corresponding strength. Many studies concerning tests performed
on specimens characterized by diameters, d, ranging from 35 mm to 400
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(a) modified from Saitoh et al. 1982 (b) modified from Porbaha et al. 2000
Figure 3.8: Effect of sample size on unconfined compressive strength.
mm and aspect ratios, l/d, between 1 and 2 have been reported in the
international literature.
Customarily, international standard on testing procedure on cement- Diameter
based materials (ACI Committee 214, 2010) and improved soils (EuroSoil-
Stab, 2002) recommend the use of specimens with a diameter comprised
between 50 and 100 mm. This suggestion derived from the experimental
evidence that larger samples are more representative than smaller vol-
umes of the soil-binder mixture, as they statistically contain more inclu-
sions and inhomogeneities that provoke discontinuities in the structure
of the cemented matrix, leading to a reduction in the measured strength.
Hence, smaller samples are believed to overestimate the actual strength
(e.g. Futaki et al., 1996; Åhnberg et al., 2001; Larsson, 2005).
It should be emphasized that the sample size ought to be chosen ac-
cording to the concept of scale of scrutiny previously introduced in Sec-
tion 3.2.2. It is clear, in fact, how a soil inclusion of 20 mm or less will
certainly not influence the behaviour of the whole soil mix structure, but,
conversely, it could notably affect the results in a test sample of 100 mm
diameter (Ganne et al., 2010). An adequate size would yield to a more
reliable estimate of the strength properties of DM structures.
Some stress – strain curves relative to a series of unconfined compres-
sion tests carried out on specimens with a diameter ranging from 60 mm
to 400 mm are shown in Figure 3.8. They confirm that differences between
100 and 400 mm diameter specimens are negligible.
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Table 3.3: Strength correction factors for
length-to diameter ratio (accord-
ing to ACI Committee 214 2010).
l/d ASTM C 42/C 42M BS 1881
2.00 1.00 1.00
1.75 0.98 0.97
1.50 0.96 0.92
1.25 0.93 0.87
1.00 0.87 0.80
From this observation, Hosoya et al. (1996) proposed the following em-
pirical relationship:
UCSd=400 = 0.87 UCSd=60 (3.39)
According to Figure 3.8b (Porbaha et al., 2000), small variations in UCS
can also be observed between specimens with diameter ranging from 50
to 300 mm.
An aspect ratio of 2 is further suggested for compression tests. ThisAspect ratio
specification can be found in many international standards (EuroSoilStab,
2002; EN 12390-3, 2003; ASTM Standard C42/C42M, 2010) and should
be adopted in order to largely eliminate the undesired confining effect
provided by the steel loading platens of the testing machine in restraining
the lateral expansion of the specimen’s bases. If lower aspect ratios are
used, an increased strength is expected. In this case, the resulting value
has to be reduced by the application of specific slenderness correction
factors listed in Table 3.3.
The confining action of the loading plates could further be reduced
by lubricating specimen’s ends. In this respect, the use of polytetrafluo-
roethylene (PTFE) sheets and petroleum jelly between PTFE sheets and
the specimen’s ends have been advised by Abdulla and Kiousis (1997).
When the estimate of the field strength is based on laboratory tests
on cores retrieved from the soil-mix structures installed in the site, it is
possible to refer to the formula illustrated by ACI Committee 214 (2010),
given by
UCS f ield = Fl/d Fdial Fmc Fd UCScore (3.40)
where UCS f ield is the equivalent in-place strength, UCScore is the core
strength, and strength correction factors Fl/d, Fd, and Fmc account for the
effects of length-to-diameter ratio, diameter, and moisture condition of
the core, respectively. Fd is introduced to describe the effect of damage
sustained during drilling including micro-cracking, undulations at the
drilled surface, and cutting through coarse aggregate particles that may
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Figure 3.9: Influence of bedding errors in determining the stress – strain be-
haviour of mixed soils (modified from Kamruzzaman et al. 2001).
subsequently pop out during testing. If cores are considered slightly dam-
aged from drilling operations, Fd is assumed equal to 1.06, otherwise is
1.
3.4.2 Bedding error
A brief description of this effect has been already presented in Section
2.5.4.6. Hereafter, the concept is recalled and further details regarding its
correction are discussed.
The bedding error consists in the large overestimation of the axial strain
when based on measurements of the axial displacement of the loading
piston ("external measurements"). The external axial strains commonly
include the extra-compression of the filter paper placed at the ends of the
specimen and of the lubrication layer when used, the negative effect due
to the disturbed loose zone formed during trimming, and the imperfect
contact between specimen, rigid cap, and pedestal (Kohata et al., 1996;
Tatsuoka et al., 1997; Kwan et al., 2005). This results in a large underesti-
mation of the initial tangential external stiffness modulus, Et,in, with re-
spect to the local maximum stiffness modulus, Emax (Porbaha et al., 2000),
which is defined from the correct axial deformation of the sample and is
comparable with the elastic modulus at very small strains obtained from
seismic surveys, E f . The use of Et,in values in design of cement-treated
soil may be on the safe side, but, in some cases, it could lead to a too
conservative outcomes.
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Distinct differences between failure strains registered by internal and
external measurements usually occur (Åhnberg, 2006a). The evident im-
portance of using local deformation measurements in accurately evaluat-
ing the failure strain level (Koseki et al., 2005) is shown in Figure 3.9.
Bedding error effects are found to be more significant for smaller sam-
ples, but they are even relevant for the larger ones (Tatsuoka et al., 1997).
Bedding errors can be avoided by equipping specimens with local strain
gauges such as Hall’s effect local transducers, which allow an accurate
determination of the true stiffness of cement treated soils (Kamruzzaman
et al., 2001).
When only external data are available, the bedding error can be cor-
rected by disregarding the initial "tail" of the stress – strain curve showing
increasing tangent moduli with increasing strain and back-extrapolating
a straight stress – strain relation from the point of maximum modulus.
This fairly crude way of evaluating the failure strains gives comparable
or slightly lower values than those measured by local gauges in triaxial
tests. (Van Impe et al., 2005; Åhnberg, 2006a).
3.4.3 Back-pressure and saturation of specimens
Another important factor markedly affecting the hydro-mechanical be-
haviour of stabilized soils tested by means of triaxial apparatus is related
to the achievement of the full saturation condition within the specimen.
Treated soils are generally characterized by a degree of saturation, Sr,
lower than unity (e.g. Larsson, 2005). Thus, when full saturation is re-
quired, very high back-pressures (BP) should be applied due to the stiff
nature of the improved material. Values of BP up to 0.5-1 MPa have been
reported in the literature for cemented sands (e.g. Airey, 1993; Huang and
Airey, 1998; Schnaid et al., 2001), whereas for stabilized clays BP between
100 and 400 kPa are frequently adopted (e.g. Åhnberg, 2006a). The effect
of BP on Sr for stabilized clays is shown in Figure 3.10.
The application of a BP allows to consider different possible states for
DM structures embedded in the ground. Low BP levels can be chosen
in order to run tests at condition resembling those prevailing in the field
shortly after stabilization; on the other hand, a high BP should be selected
in order to ensure saturation (any air trapped in the sample dissolves in
the pore water) and more accurate measurements of pore pressures.
High BP values ought to be used to simulate long-term conditions, as-
suming that water from the surrounding soil could effectively enter the
structure, fill its voids, and increase its degree of saturation. This hypoth-
esis leads to test results close to or on the safe side of what can occur at
the site (Brandl, 1981).
According to Bell (1988), prolonged soaking of treated soils causes an
increase in Sr accompanied by a reduction in strength approximately
equal to 0.7-0.85 times that obtained for the unsoaked material.
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Figure 3.10: Calculated degrees of saturation, Sr, in stabilized peat, gyttja, and
clay samples before and after consolidation at different back pres-
sures (Stabilizing agents: c - cement; l - lime; s - slag – modified
from Åhnberg 2004).
Experimental data determined by Åhnberg (2004) show that differences
in measured strength when using different BP values are limited at lower
confining stresses corresponding to those prevailing close to the ground
surface. Notwithstanding, higher differences are observed with increas-
ing stress levels, which can be interpreted as an increase in depth. Since
also the pore pressure normally increases with increasing distance from
the groundwater table, the saturation of DM structures is expected to
increase with depth.
Nevertheless, fairly impermeable constructions having low permeabil-
ity values usually remain partly saturated up to very long times after
treatment. For these types of materials the full saturation condition can
be often fairly difficult to be achieved, even if high BP are applied (Ko-
hata et al., 1996). A B-value lower than 1 can generally be estimated in
stabilized soils.
Saturation may have a considerable influence on the strength ascertain-
able through triaxial tests. Moreover, different types of soils appear to
behave in different ways depending on the applied BP level.
A detailed investigation on the effect of back-pressure on the strength Effects on strength
of stabilized soft and organic Swedish clays has been documented by
Åhnberg (2004). These types of soils exhibit a prevalently compressive
behaviour under load still after being improved.
In drained tests, the use of different BP levels produced negligible influ-
ence on the measured strength, provided tests were run slowly enough to
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ensure full drainage conditions. No significant changes in friction angle
were detected.
However, in undrained tests, the strains at yield, as well as the reduc-
tion of strength at large strains, were usually smaller when using a higher
BP. At lower BP levels the material initially responded as in a partly
drained test after a stress path close to that recognized in drained test.
As compression continues, the pore pressure generation increased caus-
ing the materials to approach stress paths similar to those in undrained
tests on fully saturated specimens. This gradual transition from drained
to undrained behaviour at low BP was much slower as the material be-
came more stiffer.
Hence, a lower degree of saturation Sr seemed to result in a lower pore
water pressure and, consequently, in a higher strength (Åhnberg, 2006a).
The measured shear strengths at the lower BP were approximately 1.1
times higher than those at the higher BP in organic soils and peats. For
clays, this ratio was between 1.0-1.6. The difference in strength increases
with increasing stress levels as shown in Figure 3.11. In the same figure
it is possible to notice how the higher strengths were those measured in
drained conditions. Owing to the generation of positive pore water pres-
sure, the samples tested under undrained conditions failed at stress levels
lower than in the drained case, although they were generally character-
ized by stiffer responses (Coop, 1993). On the contrary, opposite outcomes
are expected in dilatant materials, as strong negative pressures generated
during shearing are likely to occur. It is worthy to note that an adequate
back-pressure should be applied in undrained triaxial tests carried out on
well cemented soils in order to avoid the arising of pore water pressures
lower than the atmospheric pressure (Hirai et al., 1989).
According to Porbaha et al. (2000), drained conditions should be consid-
ered when residual strength is essential for the design of DM structures.
The degree of saturation is found to further affect the value of hydraulicEffects on
permeability conductivity of stabilized soils. An increase in Sr, in fact, yields to an
increase in permeability, since the flow of water in a saturated medium
is not customarily restricted by the air bubbles initially present in the
pore structure of the material and dissolved as soon as a sufficient BP is
applied. Low water pressures are typically encountered in the field, so
partly saturated conditions characterized by lower permeability values
with respect to those obtained in the laboratory are more probable (Dupas
and Pecker, 1979).
3.4.4 Stress level during curing and testing
Traditionally, the stabilization of soft and very soft soils in the laboratoryStress during curing
is followed by a period in which samples are cured under confined pres-
sure. The application of an external load, especially at early times after
mixing, is important to reduce the spacing between soil particles, thus
increasing the maximum number of inter-particle contacts and make the
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(a) (b)
(c) (d)
Figure 3.11: Effects of different back-pressures (BP) and testing conditions on the
measured shear strength of various stabilized soft soils (modified
from Åhnberg 2004).
mixtures denser (Tokunaga et al., 2005). This beneficial effect leads to a
substantial increase in the strength of stabilized soils (Croft, 1967b; Aalto,
2001), even more pronounced for samples containing small amounts of
binder or characterized by low initial density (Åhnberg et al., 2001).
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For this reason, it may be very important to impose the greatest level
of compaction2 and consolidation3 stress at an early stage after mixing
while the chemical reactions are most active (Larsson, 2005). In the field,
the compaction effort may be partly supplied by the same mixing tool
during the production and the remaining part provided by possible exter-
nal loads applied afterwards, such as those transmitted by an overlying
embankment.
In order to ensure the most effective performance, compaction/consol-
idation should proceeds as prompt as possible after treatment. Delays
in load application may produce no effects or, in many cases, detrimen-
tal consequences on the final strength of stabilized specimens. Actually,
during the delay period, the hydration of binder and the gradual develop-
ment of pozzolanic reactions promote the rapid formation of cementitious
products bonding and strengthening the structure of the binder-soil mix-
ture (Sivapullaiah et al., 1998). In this context, deferred loads cause the
break-up of the initial bondings and a considerable reduction in strength.
Normally, the longer the delay, the greater the strength loss and the lower
the density attainable by compaction are (Figure 3.12), although some-
times, especially in lime treated expandable clays, delays greater than sev-
eral hours provoke higher densities after compaction (Croft, 1967a). This
is probably attributable to the effect of initial flocculation taking place
during the very early stages of lime hydration.
With lower amounts of binder, the delay has negligible effect on density
and strength. With high quantities, there is a considerable effect on the
strength and compaction parameters (Larsson, 2005).
Experimental results obtained on cemented sand samples show that the
effect of initial loading on strength is significant. Contrarily to what usu-
ally observed in stabilized granular soil, for which no relevant changes in
friction angle with respect to the untreated material are noticed, both the
cohesion intercept and peak friction angle are improved. This is related to
the enhanced interlocking between sand particles derived from the com-
paction effort supplied shortly after mixing and increasing the dilatant
behaviour of the treated soil (cfr. Section 2.5.4.1).
According to Consoli et al. (2000), the influence of the stress level onStress level applied
during testing the mechanical behaviour of stabilized soils depends on the specific cur-
ing conditions. For specimens cured with no load applied, an increase in
the stress level produces a distinct reduction in stiffness, probably associ-
ated with the high collapse potential of their structure. After total bond-
ing degradation corresponding to a certain threshold stress value, the
material behaves like an uncemented soil and its elastic modulus starts
to increase with increasing confining stresses, as sketched in Figure 2.26
(Hirai et al., 1989; Åhnberg, 1996). Hence, weakly cemented samples, in
particular those cured without stress, are markedly affected by the level
2 Compaction means densification of an unsaturated soil by a reduction in the volume of
voids filled with air.
3 Consolidation is densification by the expulsion of water.
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Figure 3.12: Measured unconfined compressive strength in stabilized peat sam-
ples loaded at different times after mixing (modified from Åhnberg
2004).
of applied confining pressure (Consoli et al., 1996). On the other hand,
for specimens cured under stress and, consequently, regarded as well ce-
mented, an increase in the stress level seems to always yield to a higher
stiffness (Kaniraj and Havanagi, 1999).
In every instance, the application of a confining pressure leads to a
clear transition from a dilatant brittle behaviour to a more compressive,
ductile one (Coop, 1993; Abdulla and Kiousis, 1997; Consoli et al., 1999;
Porbaha et al., 2000; Kamruzzaman et al., 2001) and to an increase in shear
strength (Åhnberg et al., 1994; Hosoya et al., 1996).
The combined effect of confining stress and back-pressure on the stress
– strain behaviour of soft and organic clayey soils is presented in Figure
3.13.
The effect of the stress level on the magnitude of the strength achieved
in mixed materials has been considered by Åhnberg (2006b) in the formu-
lation of an empirical strength predictive model. Basing on the fact that a
stabilized soil behave similarly to an overconsolidated soil (except when
it is of low strength) and that the strength is typically found to vary with
the stress ratio σ′qp/σ′1,c, in which σ
′
1,c represents the major consolidation
stress, the following equation has been proposed for the estimate of the
failure strength of soil-binder mixtures:
q f = a · σ′1,c
(
σ′qp
σ′1,c
)b
(3.41)
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(a) (b)
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Figure 3.13: Effects of different back-pressures (BP) and confining stresses on the
stress – strain curves of various stabilized soft soils in undrained
tests (modified from Åhnberg 2004).
where a and b are constants with the value of approximately 1.02 and
0.88, respectively.
Notwithstanding, it is worth noticing that the stress dependence at
stresses well below the quasi preconsolidation pressure, σ′qp, varies con-
siderably.
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3.4.5 Choice of the most adequate strain rate
Laboratory compression tests are commonly performed under displace-
ment controlled procedure. The failure condition is then reached with a
sequence of increasing displacement of the loading plate at a predefined
displacement rate, frequently expressed as a strain rate with respect to
the specimen’s height.
A relatively high rate may be desired for tests carried out shortly after
mixing in order to minimize the amount of chemical hardening during
the testing process. However, tests cannot be run too quickly, since suffi-
cient time must be allowed for pore pressure equalization.
The importance of the correct choice of this testing parameter is often
underestimated and misleading outcomes are mostly obtained from lab-
oratory tests and directly used for subsequent design phases.
A comprehensive experimental investigation on the effect of the strain
rate in testing soft and organic Swedish soils (Åhnberg, 2004) showed
that only small differences in undrained strength occurred when using
different strain rates, because of the decreased pore pressure generation
and insufficient pore pressure dissipation in the sample. Furthermore, in
drained conditions, elevated strain rates caused stiffer responses.
The effect of strain rate is strongly influenced by the volumetric de-
formation of the material during shearing. Weak cemented samples at
low confining pressures are customarily characterized by brittle/dilatant
behaviour, gradually becoming more ductle/compressive as confinement
increases. The selection of high strain rates, not permitting pore pressure
equalization, produces, therefore, the built up of negative pore pressures
in the sample at low consolidation stresses leading to a significant in-
crease in drained strength (Åhnberg, 2006a). Conversely, at high consoli-
dation stresses the generation of positive pore pressure is expected with
a corresponding decrease in drained strength.
These observations provide evidence that when well cemented speci-
mens are tested, an overestimation of drained strength is possible due to
their marked dilatant behaviour observed even at high confinements.
Unconfined compression tests are in general performed at strain rates
ranging between 1 and 1.5%/min (Åhnberg and Johansson, 2005; Ki-
tazume, 2005; Kwan et al., 2005; Åhnberg, 2006a). Much lower values are
regularly adopted in executing triaxial tests, especially in drained condi-
tions: values comprised between 0.01 and 0.5%/min can be found in the
literature (e.g. Lade and Overton, 1989; Airey, 1993; Kohata et al., 1996;
Consoli et al., 1999; Koseki et al., 2005), with most reasonable values in
the range of 0.03-0.08%/min (Åhnberg, 2004).
3.5 design of dm structures
The final hydro-mechanical response of DM structures is strongly influ-
enced by the environment in which they are left to cure and by the mix-
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ing technology used for their construction. The effects of these factors are
most of the time uncertain and only approximately estimable.
Laboratory mixed specimens are generally prepared by blending pre-
defined amounts of soil, water, and binder with a high power dough
mixer. The mixture is then poured in cylindrical moulds and, if required,
compacted. Finally, specimens are cured in environmental controlled con-
ditions, at temperatures normally around 20◦C and relative humidities
above 90% (Consoli et al., 2004; Bergado et al., 2005; Tokunaga et al.,
2005; Jegandan et al., 2010). For this reason, laboratory mixed samples
are clearly only distantly related to the actual improved ground produced
at the jobsite (Åhnberg et al., 1989; Porbaha et al., 2000; Jacobson et al.,
2005; Al-Aghbari et al., 2009) and only a rough evaluation of the field
performance can be made on the basis of their strength (Åhnberg et al.,
2003; Larsson, 2005). Thus, to confirm preliminary results, initial suitabil-
ity tests should always be followed by field trials. Nevertheless, field trials
are costly and time consuming and, hence, frequently not executed.
Because of the most organized and monitored preparation procedure,
laboratory stabilized soils are characterized by higher degree of mixing
and higher strengths than those corresponding to the mixed material com-
posing the DM structures installed in the site (Rathmayer, 1996; Rogers
et al., 1997; Åhnberg et al., 2001; Holm, 2005; Porbaha et al., 2005; Wester-
berg et al., 2005), although, in a few cases, opposite conclusions have been
drawn (Al-Tabbaa et al., 1998; Löfroth, 2005; Van Impe and Verástegui Flo-
res, 2006).
To emphasize still more the role of some of the many variables that
differ between laboratory and field mixing processes, a schematic rela-
tionship describing the increasing in strength with binder content for
both types of stabilization methods is presented in Figure 3.14 (Kitazume,
2005). The figure shows that beyond a certain threshold binder content
the strength of laboratory prepared samples increases almost linearly
with increasing the amount of stabilizing agent. The minimum quantity
of binder necessary to cause appreciable improvement in field treated
soils is usually larger than that for laboratory mixtures. Moreover, the
linear dependence of strength from binder content is, in this case, less
pronounced than that defined for laboratory specimens mainly due to
the difference in mixing and curing conditions. In addition, exceeding a
certain amount of binder the strength seems to not further increase and,
gradually, level off.
Since many DM activities are typically preceded by suitability tests
in the laboratory, it is possible to establish empirical relations, based on
accumulated experience, between the strengths achieved, respectively, in
the laboratory and in the field, as shown in Figure 3.15. These correlations
can be then employed for design purposes and for the definition of the
specific requirements to be fulfilled at the completion of the treatment
(Babasaki et al., 1996).
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Figure 3.14: Schematic trends for strength – binder content relationships obtain-
able from field and laboratory mixed specimens (modified from Ki-
tazume 2005).
This underlines the importance to collect as many field data as pos-
sible and to try to correlate them with laboratory outcomes in function
of the different soils encountered, binders used, and mixing equipments
selected for the construction. However, it should be pointed out that dif-
ferent laboratories may return different results even when stabilizing the
Figure 3.15: Comparison between filed and laboratory strengths using uncon-
fined compression tests (modified from Asano et al. 1996).
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same soil with the same binder (Larsson, 2005). Thus, particular care
should be paid when estimating the actual field strength.
Experimental findings presented in several studies on different stabi-
lized soils show that the ratio of field to laboratory strength is prevalently
comprised between 1/2 and 1/5 (e.g. Asano et al., 1996; Hayashi and
Nishimoto, 2005). They agree well with the range, between 1/3 and 1/4,
provided by the Dry Jet Mixing Association of Japan for a number of
projects (Porbaha et al., 2000). In expansive soils treated with a mix of lime
and cement, Madhyannapu et al. (2010) obtained UCS f ield/UCSlab = 0.67-
0.7 and 0.83-0.86.
From these indications, the design unconfined compressive strength,
UCDd, required at the site for a new DM application can be computed by
(Usui, 2005)
UCSd = a · b ·UCSk · 1Fs = a · b · c · d ·UCSlab ·
1
Fs
(3.42)
where UCSk is the characteristic UCS, a is the coefficient of effective width
of treated volume, b is the reliability coefficient of overlapping, c is the cor-
rection factor for scattered strength, d states for the ratio UCS f ield/UCSlab,
and FS is the safety factor. For marine works a · b = 0.8 and c and d may
be considered equal to 2/3 and 0.5-1, respectively, whereas for on-land
works a · b and c · d can be reasonably assumed equal to 0.8-0.9 and 1/3-
1/4, respectively.
According to Topolnicki (2004), the design strength UCSd, defined as
the unconfined compressive strength that 90% of the field values are
greater than, can be computed by
UCSd = UCS f ield − 1.3 · σ2f ield = (1− 1.3 CV) UCS f ield (3.43)
where σ2f ield is the standard deviation of the UCS distribution of field
specimens and CV is the corresponding coefficient of variation.
3.6 spoil material
Spoil material is a crucial factor in the realization of DM structures as
it represents an important element of cost of production. The objective is
usually to minimize or even eliminate the spoil, especially in environmen-
tal remediation works, where it is closely associated with the transporta-
tion of any contaminated material to the surface (Al-Tabbaa, 2005).
Nevertheless, small volumes of spoil are necessary to visually confirm
that a minimum treatment level has been achieved and in order to ensure
that no losses of binding slurry in the subsoil towards surrounding layers
have occurred due to infiltration in fractures or cavities.
The volume of spoil produced during construction varies with the con-
struction technique. Data are not available on the spoil production of
differing methods, but using wet mixing it may be somewhat high, of the
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order of magnitude of 50% to 60% of the original treated volume. The dry
method normally creates no spoil (Larsson and Kosche, 2005).
Further researches and field experimental studies should be addressed
to enhance the knowledge about in-situ mixing processes and better un-
derstand the mechanisms that govern the interaction between binders
(both in a dry or wet form) and soils. This in order to develop in the fu-
ture new equipments able to improve the original ground properties at
the lowest possible costs in terms of time, binder consumption, and spoil
management.

4S T R E N G T H A N D P E R M E A B I L I T Y P R E D I C T I V E
M E T H O D S
4.1 models for the prediction of stress – strain response
Several empirical and semi-empirical correlations based on best fitting
approximations and theories borrowed from other scientific fields have
been presented in the previous chapters for the estimate of the unconfined
and triaxial compressive strength of stabilized soils. However, none of
them is capable of exhaustively describing the stress – strain behaviour
of these types of material.
Despite the noteworthy improvements in cutting and mixing technolo-
gies occurred in the last decades, there is not enough information about
treated-soil performance (Kohata et al., 1996) and there is still a lack of
physical and mathematical models able to integrate cemented soils in a
consistent and unified framework (Gens and Nova, 1993). Complete con-
stitutive models are rather rare and are usually direct extensions of estab-
lished soil models, with an added cohesion component given by cementa-
tion. This parameter, along with many other governing variables such as
the nature and amount of binder, the type of soil (density, gradation, min-
eralogy, etc.), the confining stress, the structure of the bonded matrix, as
well as mixing and curing conditions (Ingles and Metcalf, 1972), control
the evolution of mechanical and hydraulic properties of DM mixtures.
Due to the complexity related to the different physical and chemical
processes involved in the strength gain of soil-binder mixtures, only ap-
proximate constitutive models, formulated especially for cemented sands,
have been developed so far (Tremblay et al., 2001). Generally, a very stiff
behaviour dependent, basically, on cementation induced by binder hydra-
tion processes is assumed. This brittle mechanism is typically observed
to change to a more ductile soil response as the stress level changes from
low to high (Schnaid et al., 2001). At low confining pressures both weak-
and well-cemented soils show a peak in strength (occurring shortly after
the achievement of the yielding condition), beyond which cementation
degradation begins with a concurrent activation of the basic frictional
behaviour of the natural material. At high lateral confinements a peak in
strength is still visible in well-cemented soils, but a continuous hardening
without the occurrence of a defined peak is expected in those character-
ized by weak cementing bonds.
Apart from this customary experimental evidence, constitutive models
differ in the derivation of the mathematical relationships describing the
yielding and failure conditions of treated soils and in the definition of the
progressive decay of cementation effects.
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Even if the importance in developing more reliable and effective tools
for the modelling of the stress response of stabilized soils is evident
(Namikawa et al., 2005), it should be pointed out that the use of these
models can be hindered by important factors:Owing to the
abundance of
parameters reported
in this chapter, only
the most significant
are listed in the
nomenclature.
• the difficulty in calibrating the multiple parameters due to the lack
of data and the complexity of the true triaxial experiments required;
• the costs associated with the experimental investigation to be per-
formed;
• the complicated mathematical forms of the models which require
programming into numerical codes, therefore limiting their practi-
cality to designers and relegating them to be only valuable academic
research instruments.
These are the main reasons why currently most predictions are based
on the results of simple and cheap unconfined compression tests on lab-
oratory prepared and field treated soil samples and on the basis of past
experience (Babasaki et al., 1996; Larsson, 2005).
At present, there is no widely applicable formulations for the estimate
of the mechanical behaviour of ground improved structures incorporat-
ing all the relevant factors involved in the strength development phe-
nomenon. Notwithstanding, some researchers have observed that the use
of existing approaches, such as the linear elastic-perfectly plastic model
and the the Cam Clay and Modified Cam Clay models, may be a reason-
able, although somewhat conservative, assumption (e.g. Baker et al., 2005;
Balasubramaniam and Buessucesco, 2005).
In the following sections a general introduction to the basic concepts
necessary for the derivation of mechanical constitutive models developed
from the elasto-plasticity theory is provided. Furthermore, several consti-
tutive models formulated prevalently for cemented sands and presented
in the international literature are briefly described.
4.1.1 Basic elements for the formulation of elasto-plastic constitutive models
Cemented materials, as soils, can be characterized by limited stress con-
ditions beyond which failure is expected. In this context, the elasticity
theory can be adopted only to describe elastic deformation developing
initially in the material up to a particular state named "yielding condi-
tion", in the correspondence to which plastic deformation starts to occur.
Yielding is associated with a yield surface in the principal stress space.
This surface is usually convex and delimits the elastic domain, i.e. stress
states located inside it are considered elastic, whereas those approaching
its boundary cause the material to reach its yielding condition. No stress
states lying outside the yield surface are permissible in rate-independent
plasticity.
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(a) (b)
Figure 4.1: Schematic representation of hardening mechanisms for the yield sur-
face: (a) isotropic hardening; (b) kinematic hardening.
When the yielding state coincides with the maximum stress allowable
and further deformation entails the stress state to remain on the yield
surface, the material can be represented by a perfectly elasto-plastic re-
sponse and the yield surface, in this case, identifies also the so called
failure criterion.
For a perfectly plastic material the yield/failure locus in the stress space
can be mathematically expressed by
f (σ′ij) = 0 (4.1)
in which σ′ij is the effective stress state.
However, especially in geomaterials, the occurrence of plastic strains
does not lead to an immediate failure of the system, but rather to a
gradual hardening of the material up to its failure condition. This be-
haviour is related to a modification in shape (kinematic hardening) and
size (isotropic hardening) of the initial yield surface, as shown in Figure
4.1.
The elasto-plastic strain hardening yield surface is described by the
following form:
f
(
σ′,p
)
= 0 (4.2)
where σ′ is the tensor of effective stresses and p is a vector of the so-called
hidden variables, which depend on the plastic history of the material by
hardening rules:
p = pk(εP) (4.3)
where εP is the tensor of plastic strains.
The evolution of plastic strain, εPrs, is governed by the plastic flow rule,
which is commonly given by
ε˙Prs = Λ˙
∂g
∂σ′ij
(4.4)
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(a) (b)
Figure 4.2: Flow rules in strain hardening elasto-plasticity: (a) associated flow
rule ( f = g); (b) non-associated flow rule ( f 6= g).
where the superposed dot in ε˙Prs indicates rate or increment, g is a suitable
plastic potential surface, whose normal denotes the direction of incremental
plastic strains, and Λ˙ is a positive undetermined quantity.
The plastic multiplier Λ˙ can be estimated from Prager’s consistency con-
dition for plastic deformation processes, which establishes that plastic
strains can occur only when f = f˙ = 0 also explicitly expressed as
f˙ =
∂ f
∂σ′hk
σ˙′hk +
∂ f
∂pk
∂pk
∂εPrs
ε˙Prs = 0 (4.5)
From Equation (4.5), Λ˙ can be computed by
Λ˙ =
1
H
∂ f
∂σ′hk
σ˙′hk (4.6)
and the hardening modulus H can, hence, be obtained by
H = − ∂ f
∂pk
∂pk
∂εPrs
∂g
∂σ′rs
(4.7)
When the plastic potential contour, g, is assumed to be equivalent to
the yield surface, f , the following equation
ε˙Prs = Λ˙
∂ f
∂σ′ij
(4.8)
is called associated flow rule or normality rule (Figure 4.2a). Equation (4.8)
is referred to as Drucker postulate and materials satisfying this condition
are named "standard materials".
When g is defined by a different mathematical formulation with respect
to f , the flow rule is said non-associated. Non-associated flow rules are
typically adopted in the incremental plasticity theory (Figure 4.2b).
The set of constitutive equations is completed by the Kuhn-Tucker condi-
tions:
f ≤ 0 Λ˙ ≥ 0 Λ˙ f = 0 (4.9)
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(a) (b)
(c)
Figure 4.3: Characteristics of the Mohr-Coulomb Failure Surface shown in vari-
ous stress spaces: (a) Mohr-Coulomb plane; (b) Octahedral plane; (c)
Stress space.
Equations (4.9) ensure that when f < 0, Λ˙ = 0 and the deformation
process is elastic. On the other hand, when f = 0, Λ˙ may be positive
depending on the direction of the plastic strain path and the process can
then be either plastic (plastic loading) or elastic (elastic unloading).
Besides usual elastic relationships describing the loading/unloading
conditions within the yield locus, in developing elasto-plastic constitutive
models for treated soils under static loads the basic elements are:
• the definition of a yield surface and of a congruent failure criterion;
• the formulation of a plastic potential and the selection of an appro-
priate flow rule;
• the determination of a hardening law. Even if under static loads
kinematic hardening is commonly disregarded, it is conversely nec-
essary when cyclic loading is applied to the material (Hirai et al.,
1989).
Experimental results obtained from laboratory tests performed on sta-
bilized soil samples allowed several researchers in the past to conclude
that the observed stress response of the investigated mixtures could, in
general, be well represented by Mohr-Coulomb envelopes (Figure 4.3),
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(a) (b)
Figure 4.4: Traces of the Lade Failure Surface shown in the principal stress space:
(a) Triaxial plane; and (b) Octahedral plane (modified from Lade and
Overton 1989).
characterized by a cohesion intercept, c′, which is mostly regarded as a
unique function of cementation, and a friction angle, φ′, which seems to
be not affected by the binder content (e.g. Clough et al., 1989; Indraratna,
1996; Kohata et al., 1996; Consoli et al., 2001; Schnaid et al., 2001).
According to Figure 4.3a, the Mohr-Coulomb envelope is given by
f = σ′1 − σ′3 −
(
σ′1 + σ
′
3
)
sin φ′ − 2c′ cos φ′ = 0 (4.10)
where σ′1 and σ
′
3 are respectively the major and minor effective principal
stresses.
The tendency for most published studies to concentrate on testing ce-
mented soils and develop appropriate simple Mohr-Coulomb-type failure
criteria has been recently confirmed by Abdulla and Kiousis (1997).
However, other failure criteria have been proposed in the literature ex-
pressly for cement-based material, in particular those formulated by Lade
and Overton (1989) and Karam and Tabbara (2009), the latter devised
on the basis of the well-known Hoek-Brown failure criterion (Hoek and
Brown, 1997). These approaches are briefly described hereafter.
4.1.1.1 Lade failure criterion (Lade and Overton, 1989)
Lade and Overton (1989) derived a general three dimensional failure cri-
terion for soils, concrete, and rocks as a function of the first and third
stress invariants of the stress tensor (Figure 4.4) as follows:(
I31
I3
− 27
)(
I1
pa
)m
= b (4.11)
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in which, in terms of principal stresses σ1, σ2, and σ3,
I1 = σ1 + σ2 + σ3 (4.12a)
I3 = σ1 · σ2 · σ3 (4.12b)
and the parameters m and b are constant dimensionless numbers, whereas
pa is the atmospheric pressure.
To include possible effective cohesion and tension, a translation of the
principal stress space along the hydrostatic axis (Figure 4.4a) can be car-
ried out simply by:
σˆij = σij + δij · a · pa (4.13)
where δij is the Kronecker delta and a = −σt/pa, being σt the tensile
strength of the material.
4.1.1.2 Hoek-Brown failure criterion (Karam and Tabbara, 2009)
The Hoek-Brown model is one of the most accepted failure criteria in
rock mechanics engineering. For a certain type of rock, the original Hoek-
Brown strength criterion requires only two empirical parameters, namely
m and s, to define the failure condition, which can be written as (Hoek
and Brown, 1980)
σ1 = σ3 + σc
√
m
σ3
σc
+ s (4.14)
where σc is the uniaxial compressive strength of the intact rock and m and
s are fitting constant parameters whose values depend on the strength
and on the extent of jointing and weathering of the rock mass.
The uniaxial compressive strength of the rock mass is obtained from
substituting σ3 = 0 into Equation (4.14):
σcs = σ1 =
√
sσc (4.15)
Similarly, substituting σ1 = 0 into Equation (4.14), the uniaxial tensile
strength (negative) is given by
σt = σ3 =
σc
2
(
m−
√
m2 + 4s
)
(4.16)
Using Equations (4.15) and (4.16), the limits of s can be deduced: s = 1
and σcs = σc for intact rocks and s = 0 and σcs = σt = 0 for highly jointed
rocks.
Equation (4.14) can be rewritten in a normalized form particularly suit-
able for analysing experimental data with different compressive strengths:
σ1 = σ3 + σc
√
m σ3 + s (4.17)
with σ1 = σ1/σc and σ3 = σ3/σc.
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Figure 4.5: Model for peak axial strength of actively confined concrete vs. confin-
ing stress (modified from Karam and Tabbara 2009).
According to Karam and Tabbara (2009), concrete and cement-based
materials may be considered a sort of geo-material whose failure strength
can be effectively described by the Hoek-Brown criterion.
For confined concrete of various strengths it was found by best fitting
procedures performed on a huge amount of experimental results a value
for m and s respectively equal to 12 and 1 (Figure 4.5). The value of
s = 1 indicates, reasonably, the intact nature of the concrete. The order
of magnitude of m found for concrete corresponds to that reported for
intact rocks with similar properties.
The curved Hoek-Brown failure criterion can also be used to obtained
the corresponding classical Mohr-Coulomb strength parameters c′ and φ′.
For instance, a formula for the failure angle, β, measured with respect
to the σ1 direction at every point on the Hoek-Brown failure curve as a
function of the normalized confining stress is given by
β = 90◦ − φ′ where tan2 φ′ = 1+ m
2
√
m σ3 + s
(4.18)
This formula was proposed in order to determine the local friction an-
gle from the tangent Mohr-Coulomb line to every point on the Hoek-
Brown failure envelope. The predicted values of failure angle frequently
represent a lower bound for those observed experimentally. It is worth
noticing that the derivation of Equation (4.18) assumes pure shear failure
mode. However, with little or no confining pressure the position of the
failure surface may be highly variable depending on the type of collapse
(splitting, shear, or a combination of both), but with increasing lateral
confinement the discrepancy becomes less important as the type of fail-
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ure changes from tension failure to pseudo-shear and, finally, to that of
pure shear (Karam and Tabbara, 2009).
4.1.2 Constitutive model developed by Hirai et al. (1989)
The main elements characterizing the constitutive model developed by
Hirai et al. (1989) for improved sandy soils are presented in the following.
4.1.2.1 Failure surface
The failure surface consists of a conical shape with smoothly curved
meridians in the principal stress space and roundly by cornered hexagons
of Mohr-Coulomb type on the octahedral plane. The failure surface is ex-
pressed in the form
F =
√
J2 + a R(θ) Iˆb1 = 0 (4.19)
where a and b are failure material parameters, Iˆ1 denotes the sum of the
first invariant of stress σ′ij and 3σt,i (σt,i individuates the isotropic tensile
strength), J2 is the second invariant of deviatoric stress, and the variable
θ is the Lode angle on the octahedral plane1.
The function R(θ) describes the failure surface on the octahedral plane
as
R(θ) =
U(θ)
V(θ)
(4.21)
where
U(θ) = 2(1− R2) cos θ + (2R− 1)[4(1− R2) cos2 θ + 5R2 − 4R] 12
(4.22)
V(θ) = 4(1− R2) cos2 θ + (1− 2R)2 (4.23)
in which R is a material parameter with the following properties: R(pi/3) =
1 and R(0) = R.
4.1.2.2 Yield function
Two yield relationships are available: the first is denoted by a mathemati-
cal relationship similar to the failure surface presented in Equation (4.19),
whereas the second represents the isotropic plastic deformation.
Although the anisotropy induced by plastic deformation can be gener-
ally expressed by a combination of isotropic and kinematic hardening, the
1 The Lode angle, θ, describes the projection of the deviatoric stress state on the octahedral
plane in the specific sextant considered. It is defined as
cos(3θ) = −3
√
3J3
2J3/22
(
0 ≤ θ ≤ pi
3
)
(4.20)
where J3 is the third invariant of deviatoric stress.
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kinematic hardening is disregarded in the derivation of this constitutive
model.
The first yield surface is a function of the effective mean principal
stresses and is used when the stress state keeps within the phase trans-
formation surface2, PTS. It is given by
f1 = Iˆ1 + p1 = 0, fPTS < 0 (4.24)
where p1 is an isotropic hardening function and fPTS = 0 indicates the
phase transformation surface.
When the stress state is beyond the PTS, the other type of yield surface
is adopted in addition to the yield function of Equation (4.24):
f2 =
√
J2 + p2 R(θ) Iˆb1 = 0, FPTS ≥ 0 (4.25)
where p2 is another isotropic hardening function.
4.1.2.3 Plastic potential
The plastic potential is a generalization of that specified in the Modified
Cam Clay model. The plastic potentials, g1 and g2, corresponding to Equa-
tions (4.24) and (4.25), can be written as follows:
g1 = g2 =
J2
R(θ)2
+ c Iˆ2b1 + h Iˆ
b
1 = 0 (4.26)
where c is a material parameter and h is a hardening function which is
unnecessary to be defined explicitly. Equation (4.26) can be reduced to
the Modified Cam Clay model replacing R(θ) = 1 and b = 1 .
4.1.2.4 Hardening functions
The isotropic hardening for the improved soil assumed in this model de-
pends not only on the plastic work related to changes in volume, but also
on that associated with changes in shape.
Thus, the evolution rules of isotropic hardening functions are:
p˙1 = m1
(
Iˆ1 ε˙
(P)
ii
3
+ n sij ε˙
(P)
ii
)
(4.27)
p˙2 = m2
(
Iˆ1 ε˙
(P)
ii
3
+ n sij ε˙
(P)
ii
)
(4.28)
where m1, m2, and n are material parameters, sij is the deviatoric stress,
and ε˙(P)ii is the rate of plastic strain. The hardening functions of Equations
(4.27) and (4.28) have been further applied in the past to the case of rock
materials.
2 The phase transformation surface is that locus defined in the stress space where the
plastic volumetric strain changes from compaction to expansion.
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(a) Experimental (b) Predicted
Figure 4.6: Comparison between experimental and predicted stress – strain
curves on sands treated with α = 300 kg/m3 (modified from Hirai
et al. 1989).
4.1.2.5 Constitutive model
The application of the Prager consistency condition (Equation (4.5)) to the
yield functions given by Equations (4.24) and (4.25), regarded as acting
independently, results in the following equation for the determination of
the total plastic deformation:
ε˙
(P)
rs =
2
∑
q=1
1
Hq
∂g
∂σij
∂ f
∂σhk
σ˙hk (4.29)
in which
Hq = − ∂ fq
∂pq
∂pq
∂ε
(P)
rs
∂gq
∂σrs
(4.30)
where fq, gq, and pq are, respectively, the yield function, the plastic poten-
tial, and the hardening function.
The PTS is defined by assuming the condition that the plastic volumet-
ric strain obtained from Equation (4.29) may vanish at certain stress states.
This hypothesis leads to the following equation:
FPTL =
√
J2 −
√
c R(θ) Iˆ1 = 0 (4.31)
In addition to the previous set of equations, the constitutive relation in
the elastic domain is, as usual:
ε
(e)
ij =
1+ ν
E
σij − νE σkk δij (4.32)
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(a) Shearing phase (b) Isotropic and shearing phases
Figure 4.7: Constant cell pressure compression tests on calcarenite (σ′3 = 900 kPa)
(modified from Lagioia and Nova 1995).
where E and ν are the Young’s modulus and the Poisson’s ratio, respec-
tively.
Material parameters b, a, and R included in the failure function can be
obtained from the failure points in the relationship between the effective
mean principal stress, p′, and the stress difference, q. The potential pa-
rameter, c, can be derived from the phase transformation surface. Further,
the isotropic hardening parameters n, m1 and m2 can be determined on
the basis of stress – strain curves in monotonic loading conditions.
Simulated results collected from the implementation of this model pro-
vided a good agreement in the lower region of the effective mean princi-
pal stress and tended to underestimate experimental data as the effective
confining stress becomes greater, as shown in Figure 4.6. From this figure,
it also appears that the model seems to be not capable of describing the
post-failure behaviour of stabilized sands.
4.1.3 Constitutive model developed by Lagioia and Nova (1995)
The strain hardening elasto-plastic model proposed by Lagioia and Nova
(1995) was developed to the purpose of replicating the stress – strain
response under static load conditions of calcarenite, which is a soft rock
characterized by an accentuate after-failure strength degradation due to
debonding of the cemented matrix.
Figure 4.7 presents the results from triaxial compression tests carried
out on calcarenite samples. Figure 4.7a shows, in particular, that a quasi
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linear function could be assumed up to a threshold load value, beyond
which large volumetric strains occur at roughly constant isotropic pres-
sure (softening). A collapse of the granular structure of the skeleton, there-
fore, takes place with the progressive destruction of the internal bonds.
During tests, a decrease in volume of the specimen (Figure 4.7b) was
compensated for by a water inflow in order to keep the pressure increas-
ing. However, at failure the specimen was no longer able to sustain the
imposed pressure so that bonds collapsed and a sudden increase in the
rate of water flow into the cell was recorded.
The failure phenomenon was divided in two phases:
1. the first in which the collapse was considered to develop at constant
or marginally increasing effective pressure;
2. the second in which one pressure was assumed to decrease with the
concurrent deformation at different speeds of the specimen.
The experimental findings allowed to individuate some particular fea-
tures of the stress – strain relationship of calcarenite samples under vari-
ous lateral confinements. The most relevant are summarized as follows.
At low confining pressures (σ′3 < 400 kPa) the stress – strain curve
showed after a quasi-linear relation a pronounced increase in axial strain
at constant deviatoric stress, which is presumably connected with de-
bonding. Hardening took place after considerable straining and the max-
imum deviatoric stress was achieved almost asymptotically at very large
deformations, while contractanc behaviour was still detectable (proba-
bly due to the continuous crushing of the calcareous particles). Unload-
ing/reloading cycles were approximately elastic and seemed to be not af-
fected by destructuration. The destructuration threshold was associated
with a strength peak, more marked at very the low confining stresses.
At intermediate confining pressures (400 kPa < σ′3 < 2500 kPa) similar
trends occurred, even if the strain threshold value at which destructura-
tion appeared did not increase monotonically with the applied lateral con-
finement, which, conversely, affected the value at which the maximum de-
viatoric stress was reached. Furthermore, the initial stiffness was almost
independent of the confining pressure. The hardening phase started to
develop only when a completely loose structure (typical of the virgin un-
cemented sand) was achieved. The "critical" confining pressures, respec-
tively 400 kPa and 2500 kPa, were identified and related to the transition
point between brittle and ductile failure behaviour and to the destructura-
tion stress under isotropic load.
At high confining pressures (σ′3 > 2500 kPa), hardening started from
the beginning of the shearing phase and increasing volumetric strains
were measured even after maximum deviatoric stress was reached.
Due to the fact that volumetric strains were not constant at the end of
the tests, the CSL was not recognized. However it was possible to define
an ultimate state locus dividing the ductile failure modes (on the right)
from the brittle failure modes (on the left).
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The constitutive model formulated by Lagioia and Nova (1995) was
expressly devised to describe three main phases observed from the labo-
ratory results presented above:
1. linear phase, as is appropriate for elastic linear materials. The stress
state ends on the destructuration locus.
2. yielding phase, in which the deviatoric stress remains approximately
constant, whereas the effective isotropic pressure steadily increases.
Stress states still holds on the destructuration locus.
3. post-yielding phase, characterized by a sudden decrease in void ra-
tio. After this point, at somewhat large deformation, the material
regains stiffness and behaves as a virgin uncemented soil.
The main elements of the model are reported thereafter.
4.1.3.1 Yield function
It is postulated that the yield function is given by
f = 3b (c− 3) ln p
∗
ps + pt + pm
− c J3η∗ + 94 (c− 1) J2η∗ = 0 (4.33)
in which
p∗ = p′ + pt (4.34)
η∗ij ≡ sij/p∗ (4.35)
J2η∗ = η∗ijη
∗
ij (4.36)
J2η∗ = η∗ijη
∗
jkη
∗
ki (4.37)
where sij is the stress deviator, ps, pt, and pm are hidden variables, and
b and c are constitutive parameters, the former connected with the shape
of the yield function and the latter to the slope of the ultimate state locus.
The expression reported in Equation (4.33) is obtained by a modifica-
tion of another formulation proposed for non-cemented sands to take
account of the effects of cementation.
Parameters pt and pm are, respectively, related to the tensile strength
and to the widening of the elastic domain in the compression range. The
initial values of ps, pt, and pm determine the size of the initial elastic
domain.
For negative values of p′ the yield locus is assumed to be expressed as
a linear function of the isotropic pressure.
4.1.3.2 Plastic potential
The plastic potential is given by two different relationships depending on
the state of the material. The first is valid for the destructuration phase.
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The stress ratio3, η, as well as the dilatancy4, d, remains constant during
this phase, so that a single point is representative of the entire phase at
a certain stress level. The stress – dilatancy relationship can therefore be
written as
η = η0 − n d (4.41)
where η0 and n are constitutive parameters, the former being the value of
η when the dilatancy is zero and the latter representing the slope of the
line. Equation (4.41) can be integrated and the expression for the plastic
potential can be found in the p′-q plane. From triaxial compression tests,
the equation of the plastic potential relative to this phase is:
J2η∗ − 23
{
η0
1− n
[
1− n
(
p′
pd
) 1−n
n
]}2
= 0 (4.42)
where pd is a dummy parameter, as only the derivatives of plastic poten-
tial are required.
The second relationship for the plastic potential is adopted when com-
pletely destructuration of cementing bonds occurs. In this condition, the
resulting material can be reasonably regarded as an uncemented sand
and represented by
9(c− 3) ln p
∗
pg
− c J3η∗ + 94 (c− 1) J2η∗ = 0 (4.43)
where pg is a dummy parameter. This equation coincides with Equation
(4.33) when b = 3 (normality rule).
4.1.3.3 Evolution law and hardening functions
The evolution laws of the hidden variables are given by
3 The stress ratio, η, is defined as
η ≡ q
p′ (4.38)
where q is the deviatoric stress and p′ is the mean effective stress.
4 The dilatancy, d, is defined as
d ≡ ε˙
P
v
ε˙Pd
(4.39)
where ε˙Pv and ε˙Pd are, respectively, the plastic increments of volumetric and deviatoric
strains. The latter is defined as
ε˙Pd ≡
2
(
ε˙Pa − ε˙Pr
)
3
(4.40)
where ε˙Pa and ε˙Pr are the axial and radial strain rates.
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ps = ps0 exp
[
εPv + rs εˆP
w
]
(4.44)
pm = pm0 exp
[
−rm(εd)3
]
(4.45)
pt = pt0 exp
[
−rt(εd)
]
(4.46)
The terms rs, w, ps0, pt0, pm0, rm, and rt are constitutive parameters, and
the plastic strain trajectory, εˆP, and εd are respectively defined as
εˆP ≡
∫
(dεPijdε
P
ij)
1/2 (4.47)
εd ≡
∫
|dεPv | (4.48)
in which εPv is the plastic volumetric strain, considered positive in com-
pression and negative in dilation. On the other hand, from Equation (4.48),
εd monotonically increases irrespective of the sign of the plastic volumet-
ric strain rate. Equation (4.44) governs the isotropic hardening (or soften-
ing) of an uncemented granular material. Equations (4.45) and (4.46) are
related to the destructuration phase, which is assumed to rely on plas-
tic volumetric strains only. If the material exhibits dilatant behaviour, the
stress ratio at the ultimate state is higher than that allowed by a critical
state condition and Equation (4.44) shows that faster hardening is permit-
ted. However, if the material shows contractant behaviour at the ultimate
state, like calcarenite, a value of stress ratio lower than that allowed by
the critical state is achieved, with a lower hardening rate.
As there are three hidden variables, the hardening modulus H can be
expressed as
H = Hs + Hdt + Hdm (4.49)
where Hs, Hdt, and Hdm are associated with the evolution of ps, pt, and
pm, respectively. From Equation (4.7), it can be deduced that both Hdm
and Hdt are always negative (degradation), whereas Hs may be either
positive or negative depending on the stress state and the loading history
of the cemented specimen. Under high confining pressures the degrada-
tion effect of debonding appearing at yielding is compensated for by the
hardening of the soil-like material, denoted by a positive value of Hs. In
contrast, when the confining pressure is low, debonding and softening
both contribute to the loss of strength. Moreover, it is noteworthy that
it is the interplay of the different types of hardening that can simulate
softening under pure isotropic loading to be modelled.
In order to obtain total strains, elastic strains computed by means of
linear elastic relationships such as Equation (4.32) should be introduced
in the formulation.
Overall, the constitutive model proposed by Lagioia and Nova (1995)
requires 13 constitutive material parameters which can be determined
from isotropic compression tests and drained triaxial tests.
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Figure 4.8: Model for micromechanical stress analysis (modified from Abdulla
and Kiousis 1997).
4.1.4 Constitutive model developed by Abdulla and Kiousis (1997)
An alternative multi-phase approach for the derivation of a constitutive
model for cemented sands was developed by Abdulla and Kiousis (1997).
The model was based on a microstructural framework accounting for the
separate effects to the strength response of the mixture provided by its
singular components, i.e. soil, cement paste, and pore water. Several as-
sumptions were made in the mathematical formulation:
1. A cemented sand specimen is a mixture with three phases: sand,
cement, and pore water.
2. the elastoplastic behaviour of a cemented sand is the result of:
• the elastoplastic response of the sand;
• the elastoplastic response of the cementing bonds before they
break;
• the interaction between the phases;
• the breaking of the cementing bonds.
3. the models of the individual phases are assembled using micro-
mechanical equilibrium to predict the overall behaviour of cemented
sands.
Thus, the model presented in the following seems to have the capability
of effectively describe and quantify the material degradation caused by
cementation breakage during loading.
4.1.4.1 Micromechanical model
According to the schematic representation reported in Figure 4.8, the load
transfer between two grains is obtained partly through the inter-grain
contact area, At, and partly through the cemented areas A1 and A2. The
equilibrium can be hence expressed as
σ = σ′ + σcem ncem + u
(
1− ncem − AtA
)
(4.50)
180 strength and permeability predictive methods
where σ is the total stress, σ′ is the effective stress, σcem is the intrinsic
(true) stress of cementation, ncem = (A1 + A2)/A, and A is the total area.
The specific grain contact area At/A is commonly considered negligible
and can be omitted.
For a statistically isotropic soil, ncem can be computed by
ncem =
dVcem
dV
(4.51)
where Vcem is the volume occupied by the cement phase and V is the total
material volume. Therefore, ncem can be interpreted as a volumetric cement
content.
Equation (4.50) can be extended to its three-dimensional tensor equiva-
lent, and can be written incrementally as follows:
dσ = dσ′ + ncem dσcem + dncem σcem + (1− ncem) du− dncem u (4.52)
Each incremental quantity can be represented by an appropriate constitu-
tive model:
dσ′ = Ds · dε (4.53)
dσcem = Dcem · dε (4.54)
du = Dw · dε (4.55)
dncem = ST · dε (4.56)
Furthermore, all phases of the mixture are assumed to be characterized
by the same strain level. However, the elastic and plastic components
of the strain tensor are not the same for such phases. Substitution of
Equations (4.53) - (4.56) into Equation (4.50) results in
dσ = D · dε (4.57)
where D is the global constitutive matrix given by
D = Ds + ncem Dcem + σcem ST + (1− ncem) Dw − uST (4.58)
For drained or dry conditions, Equation (4.58) reduces to
D = Ds + ncem Dcem + σcem ST (4.59)
With the exception of Equation (4.56), the constitutive equations are
rather common within the field of plasticity modelling. Equation (4.56) is
an expression individuating the degradation of the degree of cementation
of the hardened matrix due to bond breakage.
4.1.4.2 Sand modelling
A simple Drucker-Prager-type plasticity model, with non-associated flow
rule and isotropic hardening is adopted for the sand phase.
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The yield function is expressed as
fs =
√
J2 − ps(εˆPs )J1 = 0 (4.60)
where ps is an isotropic hardening function, based on material parameters
and εˆPs is the plastic strain trajectory of the soil phase.
The isotropic hardening function ps can be written as
ps = ps,0 +
εˆPs
1
Eas
+
εˆPs
ps,ult − ps,0
(4.61)
where ps,0, ps,ult, and Eas are material parameters of the soil phase.
The plastic potential surface is given by
gs =
√
J2 − ds(σ′3)J1 = 0 (4.62)
where ds is a dilation parameter.
The flow rule is assumed accordingly to Equation (4.4):
ε˙
p
s = Λ˙s
∂gs
∂σ′
(4.63)
Finally, the constitutive equation for the soil phase results in
dσ′ = Ds · dε (4.64)
where
Ds = Es −
Es
∂gs
∂σ′
∂ f Ts
∂σ′
Es
∂ f Ts
∂σ′
Es
∂gs
∂σ′
+ J1
∂ps
∂εˆPs
√
∂gTs
∂σ′
∂gs
∂σ′
(4.65)
in which Es is the elastic stiffness matrix of the soil.
4.1.4.3 Cement modelling
A simple non-associated, isotropic hardening von Mises plasticity model
is adopted for the cement phase.
The yield function is therefore:
fcem =
√
J2 − pcem(εˆPcem) = 0 (4.66)
where pcem is an isotropic hardening function based on material parame-
ters and εˆPcem is the plastic strain trajectory of the cement phase.
The isotropic hardening function pcem can be described by
pcem = pcem,0 +
εˆPcem
3√
2Eacem
+
εˆPcem
pcem,ult − pcem,0
(4.67)
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where pcem,0, pcem,ult, and Eacem are material parameters of the cement
phase.
The plastic potential is given by
gcem =
√
J2 − dcem(σ′3)J1 = 0 (4.68)
where dcem is a dilation parameter. Cemented sand under shearing often
tends to compress more than clean sands. This is because of the high
initial collapse potential associated with the porous structure created by
cementation. During shearing, cementation breaks and allows particles
to approach each other leading to a larger initial volumetric compression.
The parameter bcem has been introduced to produce this compressive be-
haviour.
The flow rule of the cement phase is assumed accordingly to Equation
(4.4), as proposed for the soil phase (cfr. Equation (4.63)). In this case, the
relationship is as follows:
ε˙
p
cem = Λ˙cem
∂gcem
∂σcem
(4.69)
Thus, the constitutive equation can be written as
dσcem = Dcem · dε (4.70)
where
Dcem = Ecem −
Ecem
∂gcem
∂σcem
∂ f Tcem
∂σcem
Ecem
∂ f Tcem
∂σcem
Ecem
∂gcem
∂σcem
+ J1
∂pcem
∂εˆPcem
√
∂gTcem
∂σcem
∂gc
∂σcem
(4.71)
in which Ecem is the elastic stiffness matrix of the cement phase.
4.1.4.4 Cement degradation
The gradual breakage of the cementing bonds within the soil mass is
modelled by Equation (4.56). The hypothesis adopted for the reduction
in cementation is made mathematically explicit by an exponential decay
equation:
ncem = ncem,0 · exp(−c εˆPcem) (4.72)
where ncem,0 is the initial volumetric cement content of the undamaged
cementation, ncem is the current volumetric cement content, and c is a
material degradation parameter.
The incremental form of Equation (4.72) can be expressed as
dncem = −ncem,0 c · exp(−c εˆPcem) dεˆPcem (4.73)
Using the definition of εˆPcem and the flow rule of Equation (4.69) the
following constitutive equation results:
dncem = STdε (4.74)
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where
ST =
−ncem,0 c · exp(−c εˆPcem)
√
∂gTcem
∂σcem
∂gcem
∂σcem
∂ f Tcem
∂σcem
Ecem
∂gTcem
∂σcem
+
∂pcem
∂εˆPcem
√
∂gTcem
∂σcem
∂gcem
∂σcem
∂gTcem
∂σcem
Ecem (4.75)
4.1.4.5 Material parameters
Each of the phase models previously presented rely on several parame-
ters. In addition, both dilation indexes bs and bcem and initial volumetric
cement content nc0 depend on other material properties. Numerical exper-
iments have shown that the material response predictions are insensitive
to the initial values of c, and, therefore, a constant post-peak value can
reasonably be used.
Although the material parameters related to the cement phase can
be obtained from simple unconfined compression tests, triaxial tests are
needed for the determination of soil phase properties. Notwithstanding,
the model proposed by Abdulla and Kiousis (1997) seems rather effec-
tive in simulating the stress – strain relationship of cemented sand under
compression static loads.
4.1.5 Compressibility model proposed by Nagaraj et al. (1998)
The model recently introduced by Nagaraj et al. (1998) is an original con-
ceptual approach able to describe the compressibility behaviour of natu-
rally cemented soils. Despite it is not a constitutive model, it may be used
to predict the actual compression curve of soft treated soils.
As in the other models discussed in the previous sections, the resis-
tance offered by a cemented soil to an applied load is regarded as the
sum of the resistance of the unbonded soil skeleton and of the cementing
bonds. The resistance mobilized due to the flocculated nature of the ce-
mented particles and that owing to cementation are considered operating
simultaneously.
Brittle cementing bonds essentially induced by short-range forces have
assumed to have no role either in holding water in the pores or in the de-
formation mechanism of the soil. Hence, both these properties necessarily
depend on the internal stress field generated by the osmotic long-range
forces.
For stress increments within the yield stress, the cementing bonds will
carry the additional stress entirely, with negligible deformation. At the
yield stress, some of the these bonds yield and the total load progres-
sively is transferred to the soil skeleton. The gradually mobilized friction
resistance occurring between soil particle thus withstands the correspond-
ing stresses with compatible volume changes. The above observations
led the authors to assume soil compressibility predominantly associated
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(a) (b)
Figure 4.9: Possible microstructure of (a) an uncemented and (b) a cemented soil
(modified from Nagaraj et al. 1998).
with changes in stress components on the unbonded skeleton only (Fig-
ure 4.9a).
The effective stress on the untreated soil structure, σ′R, along with the
stress taken by the cementing bonds, σb, provide the effective stress in the
cemented soil according to (see Figure 4.9b):
σ′ = σ− u = σ′R + σb (4.76)
The stress – strain relationship is therefore the same as for the unce-
mented soil, because of the negligible deformation observed up to the
yielding stress in the cemented material. It is of the general form:
e = a− b log σ′R = a− [b log(σ− σb − u)] (4.77)
where a and b are two model parameters.
From their experimental results on sensitive clays, Nagaraj et al. (1998)
stated that for all practical purposes the cementation stress component
σb can be considered constant within the stress range investigated. This
is contrary to the usual belief that cementing bonds break down during
loading with a consequent change of the compression path towards that
typical of remoulded states.
A somewhat similar outcome, although much less evident and based
on different physical principles, is found in artificially cemented soils,
where the effect of cementation seems to not vanish at all at very large
strains, producing a limited but detectable increase in residual strength.
This finding has been supported by several studies and it has been already
discussed in Chapter 2.
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Permeability is one of the most important soil parameters and its im-
portance is even greater with the increasing interest in environmental
problems (Lapierre et al., 1990).
Many aspects and properties are involved in the estimation of perme-
ability and most of them are related to the main features characterizing
the pore space of porous materials, such as the size of the pores and of
the throats between them, the shape of the channels, the tortuosity, the
connectivity, the permeant fluid, and the spatial correlation of pore sizes
(Ioannidis et al., 1996).
In the following the derivation of the most important parameters nec-
essary for the description of the pore network and the evaluation of the
hydraulic response of treated soils are presented.
4.2.1 Main pore space parameters and their definition
Among all features characterizing the pore space of cement-based mate-
rials and affecting significantly their engineering properties, porosity is
probably the most important (Lange et al., 1994; Tekin et al., 2012). Both
strength, permeability, and, consequently, durability (Hu and Stroeven,
2003) of cement conglomerates are strongly correlated to porosity and to
the void structure. For instance, porosity at the paste-aggregate interface
has been generally linked to physical fracture toughness of mortars and
concretes. Nevertheless, the relationships between microstructure and me-
chanical properties are still not well understood (Elaqra et al., 2007).
Different classification systems based on different criteria are provided
for pores embedded in soil-cement mixtures. According to their relative
location with respect to cemented soil particles, pores can be grouped
into four classes, namely intra-elemental pores, intra-assemblage pores,
inter-assemblage pores, and trans-assemblage pores, as reported in Sec-
tion 2.2.1 (Collins and McGown, 1974).
In concrete, pores are generally classified on the basis of their size and
origin in three groups (Moro and Böhni, 2002; Tekin et al., 2012):
• gel pores: formed within the amorphous C-S-H phase generated dur-
ing the cement hydration process. Their size typically ranges be-
tween 0.5-2.5 nm;
• capillary voids: generated from the initial separation between cement
particles, which is controlled by the w/c of the cementitious slurry.
Capillary pores are typically gradually filled with reaction products
and therefore their volume is reduced with increasing degree of
hydration. Their size is usually between 0.01 and 1 µm;
• macro-voids: originated intentionally and unintentionally during the
production/blending stage. They are further subdivided in entrained
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air voids and entrapped air voids depending on their size, i.e. 0.05-1.25
mm for the former and 1-4 mm for the latter.
Another classification proposed for soils by Cameron and Buchan (2006)
distinguishes pores basically on their size as follows: macro-pores (100-75
µm), meso-pores (75-30 µm), micro-pores (30-5.0 µm), ultramicro-pores (5.0-
0.1 µm) and crypto-pores (< 0.1 µm).
Porosity and pore network may be investigated by different experimen-
tal techniques. Indirect information can be obtained from representative
grain size distribution by applying probabilistic theory, whereas direct
methods are scanning electron microscopy (SEM), capillary suction tech-
nique, mercury intrusion porosimetry (MIP), and X-ray computerized
micro-tomography (µ-CT).
It is worth noticing that, in general, all structural parameters have been
found to be log-normal distributed (Vervoort and Cattle, 2003).
Hereafter, more details about the definition and derivation of important
descriptors of the pore space of cement-based materials are described.
4.2.1.1 Fundamental descriptors for pore space characterization
Apart from porosity, Φ, many other fundamental descriptors characterize
the geometry and topology of a pore network.
A mathematical approach for the individuation of basic structural pa-
rameters has been proposed recently by Vogel et al. (2010). It is based on
the so-called Minkowski functionals which, in a three dimensional space,
allow the determination of volume, surface area, mean curvature, and of
the Euler number to quantify topology.
Minkowski functionals are elemental geometric measures devised forMinkowski
functionals binary structures. Hence, they can be computed only from segmented
images of the investigated sample. After segmentation, the pore space
is represented as a binary structure X ⊂ Ω, where Ω is the embedding
space (i.e. a 3D image) and X the pore space. Given such a binary image,
integral geometry provides a limited set of n + 1 Minkowski functionals,
where n is the dimension of Ω (i.e. 3 in 3D).
The first functional M0 is simply the total mass of the structural unit,
i.e. the total volume of the pores:
M0(X) = V(X) (4.78)
The other Minkowski functionals are defined through integrals over
the surface of the pores (denoted as δX), which unambiguously describe
the shape or morphology of the pore structure at a predefined resolution.
In a n space there are n of such integrals. For n = 3, the first integral
measures the total interfacial area between pores and solid:
M1(X) =
∫
δX
ds = S(X) (4.79)
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where ds is a surface element. The second integral measures the mean
curvature of this interface:
M2(X) =
1
2
∫
δX
[
1
r1
+
1
r2
]
ds = C(X) (4.80)
where r1 and r2 are the minimum and the maximum radius of curvature
for the surface element ds. By convention the radius is positive for convex
curvature. Finally, the third integral measures the total curvature:
M3(X) =
1
2
∫
δX
1
r1 r2
ds = K(X) (4.81)
which can be shown to be 4pi for any closed convex and for any closed
concave body. M3 is closely related to the Euler number, Eu, which counts
the number of isolated objects Z minus the number of redundant connec-
tions or loops L plus the number of cavities O:
Eu(X) = Z− L +O = 14pi M3(X) (4.82)
M3 is a dimensionless, topological measure that quantifies the connec-
tivity of the pattern, while M0, M1, and M2 are metric with units [L3],
[L2], and [L], respectively.
To compare results elaborated from different images, Minkowski func-
tionals can be divided by the image size, VΩ, thus obtaining the Minkowski
densities:
mk(X) =
Mk(X ∩Ω)
VΩ
(4.83)
which are denoted by specific physical interpretations. In particular, m0
corresponds to porosity, Φ; m1 represents the surface density, which is
relevant for the interaction of solutes at pore-solid interface; the mean
curvature m2 is associated with the pore shape, which is expected to be
especially significant for mechanical properties; and m3 is linked to the
pore connectivity. However, it should be pointed out that Minkowski den-
sities are only averaged properties of the pore structure with no further
information on the actual pore distribution.
All the Minkowski functionals can be calculated very efficiently by just
counting the frequency distribution of voxel configurations within the
basic cube (obtained by just one loop through the image) according to the
relationship:
mk = zk
255
∑
q=0
Ik(q) fk(q), k = 0, 1, 2, 3. (4.84)
where fk(q) are the numerical frequency of the 256 possible configura-
tion of voxels in a 2x2 cube, Ik(q) is a specific contribution to the k
Minkowski functionals, and zk are specific weights to determine the dif-
ferent Minkowski densities. This approach is based on fundamental stere-
ological relations.
A notable outcome derived from mathematical analysis is the following
theorem:
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Theorem 4.2.1. (Hadwiger’s Theorem) Any property ϕ(X) that depends on
the object’s form alone and that is additive, motion invariant, and conditionally
continuous may be written as a linear combination of the Minkowski functionals:
ϕ(X) =
d
∑
k=0
ck Mk(X) (4.85)
where ck are real coefficient related to the property ϕ(X) and which are indepen-
dent of any detail of X.
This theorem emphasized the importance of the Minkowsky densities
in the study of morphological-based properties.
Although the attractive and easy to implement approach, the proce-
dure for the computation of the Minkowsky functionals is not commonly
used in image processing analysis, being simple statistical and geometri-
cal methods usually preferred. In this respect, porosity can be obtained
by simply dividing the total number of pore voxels (in 3D) within the
segmented volume of interest for the total number of voxels of the same
volume (Dal Ferro et al., 2012). Similar calculations can be performed in
2D (Wong et al., 2006a).
Pore surface, on the contrary, can be approximated considering the
mesh/curve interpolating the centres of each pixel/voxel belonging to
the boundary of the binarized objects. This criterion is reasonable only
when large pores are available.
Numerical and more complicated algorithms, e.g. the marching cubes
algorithm developed by Lorensen and Cline (1987), are customarily im-
plemented in many image processing softwares that can be used for a
more rapid and reliable definition of volume and surface of pores.
When image analysis are not feasible, oven drying of the sample may
be carried out to estimate the total porosity value, which included, in this
case, both capillary and gel porosity. Any water remaining in the material
after the test is regarded as non-evaporable (Lange et al., 1994).
Another useful laboratory technique that can be employed for the eval-
uation of the total porosity of porous materials is the mercury intrusion
porosimetry (MIP). MIP tests allow also the derivation of the so-called
pore size distribution, PSD, that is a measure of the frequency with which
a certain range of pore sizes characterizing the voids is present in the
structure. Pore sizes down to the nano-scale can be detected using MIP.
Obviously, PSD curves may be further derived from digital image pro-
cessing of segmented 2D or 3D reconstructions of the pore space by uti-
lizing tools of mathematical morphology, i.e. erosion and dilation (Serra,
1983). According to Vogel and Roth (2001), to determine the proportion
of pores smaller than a given radius r, a sphere of radius r is placed at
each location x within the total volume Ω. Regarding the subset of pore
voxels, X ⊂ Ω, the pore space is "eroded" in a first step by the sphere Bx,
referred to as "structuring element", according to
Xe = x : Bx ⊂ X = X	 B (4.86)
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Figure 4.10: Erosion and dilation morphology operation (from Vogel et al. 2010).
meaning that the eroded set Xe encloses all pore voxels where the sphere
fits completely into the pore space.
In a second step, the eroded set is "dilated" using the same structuring
element as follows:
Xd = x : Bx ∩ Xe 6= ∅ = Xe ⊕ B (4.87)
This erosion followed by a dilation removes all pores smaller than r,
as shown in Figure 4.10. At the end of each erosion/dilation step corre-
sponding to the application to the binarized image of a structuring ele-
ment with a specified, gradually increasing radius, the computation of
the total porosity can be performed. Finally, by sorting the structuring
radius by size and plotting the respective cumulative porosity values, the
pore size distribution can be constructed.
Although MIP and image processed curves are similar in shape, they
are offset by about three orders of magnitude in scale, and MIP curves
cover a wider range than the image-based curves, as reported in Figure
4.11.
Normally, this behaviour is mainly related to the much higher range
of porosity detectable using mercury porosimetry with respect to image-
based analysis and to some intrinsic drawbacks of MIP in data interpreta-
tion, which is based on assumptions that can be hardly adopted in rather
compact materials such as cement-based mixtures. Image-based distribu-
tion curves rely on direct observation, make no shape assumptions, and
have the potential to accurately describe the spatial character of pore clus-
ters larger than about 0.2 µm in diameter for SEM (Lange et al., 1994) and
approximately 1 µm for ordinarily laboratory X-Ray µ-CT apparatus.
Notwithstanding, it should be pointed out that a compromise between
the actual field of view and the pixel size has always to be found. Any
imaging technique, in fact, has only a limited ratio between these dimen-
sions, which is at best about 1000 for X-ray tomography (Vogel et al.,
2010).
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Figure 4.11: Pore Size Distribution of a mortar determined by MIP and image-
based analysis (from Lange et al. 1994).
Generally, it is assumed that the spatial characteristics of the porous
phase are isotropic and statistically homogeneous, so that the measure-
ments do not depend upon the orientation of the image and any location
of the sample can be regarded as representative of the entire volume.
These assumptions imply translational invariance.
A description of the pore space structure can be obtained by apply-Correlation
functions ing a family of spatial correlation function to segmented images. The
two-points correlation function, S2, is typically used and represents the
probability that two points located at a specified distance apart are both
in the same phase. In cement-based materials, the two phases of interest
are pores and solid matrix.
The S2 function is determined by computing the intersecting area be-
tween the original image and the same image shifted by a distance called
the lag, for many different lag values. The collected set of values is then
plotted versus lag resulting in the two-point correlation curve. Transla-
tional invariance ensures that S2 depends only on the modulus of the lag
vector and not on its direction.
Several information can be deduced from this function. In particular,
the intercept of the plot with the y-axis is the value of the intersecting
area when lag is zero, i.e. the pore fraction in the original image. The
derivative of S2 at lag values approaching zero has been shown to be
connected with the specific surface area, Ss, by
Ss = −4dS2dz
∣∣∣∣
z=0
(4.88)
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The point at which the function becomes horizontal indicates, finally,
an estimate of the mean pore size (Lange et al., 1994).
The two-point correlation function is associated with the autocorrela-
tion function, Rz(z), by
Rz(z) =
S2(z)−Φ2
Φ−Φ2 (4.89)
where z is the lag vector measuring the separation between two points in
space. Rz(z) is therefore a normalized form of S2 and takes the value of
unity at z = 0 and tends to zero for sufficiently large lags.
Rz(z) is also the second statistical moment of the phase function, Z(z),
which is a boolean variable having value equal to zero or unity depending
on whether the point r corresponds to solid or void. The autocorrelation
function Rz(z) can be defined as follows:
Rz(z) =
[Z(r)−Φ][Z(r+ z)−Φ]
[Φ−Φ2] (4.90)
A useful quantity derived from Rz(z) is the integral scale of spatial corre-
lation, Is, expressed as
Is =
∫ ∞
0
Rz(z)dz (4.91)
Is represents a certain average of the contributions of pores of all sizes
to the extent of spatial correlation and may be viewed as a characteristic
pore dimension.
The autocorrelation function Rz(z) is fairly insensitive to coarsening
because the overall contribution of the smallest void areas to autocorrela-
tion is small. On the contrary, it is important to emphasize that small pore
features contribute significantly to the value of the autocorrelation near
the origin (small lag). Accordingly, estimates of the specific surface area
from the slope of the autocorrelation function at the origin are sensitive
to the available resolution (Ioannidis et al., 1996).
According to Vogel and Roth (2001), the main controlling factors for soil
hydraulic properties and solute transport are the pore-size distribution
and the topology of the pore space, meaning the way in which pores of
different sizes are interconnected.
The advantages and limitations provided by several methods for the
construction of the PSD curve have been already discussed above.
As far as the quantification of the topology of the pore structure con- Connectivity
functionscerns, it is generally described by the connectivity function, which is de-
fined by the specific 3D-Euler number of the pore space in dependency
of the pore radius (Figure 4.12). The specific Euler number is simply the
Minkowsky density associated with the third functional M3 of Equation
(4.82). According to Equation (4.83), it is given by
EuV =
Z− L +O
VΩ
(4.92)
192 strength and permeability predictive methods
Figure 4.12: Connectivity function of an undisturbed soil and hypothetical con-
nectivity function (modified from Vogel and Roth 2001).
where Z, L, O, and VΩ denote the same quantities previously introduced.
Experimental evidence has shown that EuV usually decreases with in-
creasing connectivity (increase in L). Since EuV provides just a single num-
ber describing the overall topology of the structure, a better and more
quantitative information on the connectivity within and between differ-
ent classes of pore size can be obtained from the connectivity function
(Vogel and Roth, 2001). A striking property of the measured connectiv-
ity function is that EuV takes only very low positive values even for the
largest pore-size classes.
In two dimensions, a simplified connectivity index can be derived as
follows (Dal Ferro et al., 2012):
2Dconn = 1− ZpZu (4.93)
where Zp is the number of pores within each slice and Zu is the number
of ultimate eroded objects. Zu can be computed by consecutive morpho-
logical erosion of the pores and corresponds to the number of convex
components in porosity (Serra, 1983). The index 2Dconn varies from 0 to 1
as the pores change from isolated to highly interconnected.
4.2.1.2 Other descriptors influencing the estimate of permeability
Other descriptors are frequently introduced in the morphological and
topological characterization of pore spaces, especially when direct inves-
tigations by means of digital imaging are possible.
The 3D degree of anisotropy, DA, is a parameter used to quantify theDegree of anisotropy
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propensity of pores to be directionally dependent. It is customarily deter-
mined according to the mean intercept length (MIL) analysis, consisting
in sending from the centre of the investigated sample several vectors in
all directions throughout the segmented volume. Each vector is divided
by the number of times that it crosses the boundary between foreground
(pores) and background (soil matrix). The distribution of MIL lengths
can be visualized in a 3D polar plot fitted by an ellipsoid mathematically
represented by a material anisotropy tensor. Finally, an eigen analysis car-
ried out on this tensor results in the individuation of the eingenvalues
corresponding to the lengths of the principal semi-axes of the ellipsoid,
whose orientation is described by the associated eigenvectors. The degree
of anisotropy can then be calculated by
DA = 1− amin
amax
(4.94)
where amin and amax are the shortest and longest ellipsoid axes respec-
tively. DA varies between 0 (perfect isotropic structure) and 1 (anisotropic
structure).
Another important morphological index is the shape factor. It can be Shape factor
defined in both two and three dimensions by the following equations:
S2D =
1
4pi
Pp
Ap
(4.95)
S3D =
1
6
√
pi
S
3
2
p
Vp
(4.96)
in which Ap and Pp are, respectively, the area and the perimeter of a 2D
pore, and Vp and Sp are, respectively, the volume and the lateral surface
of a 3D pore.
Shape factor takes a minimum value of 1 for a perfect round pore and
increases with a longer or more irregular pore. According to Bouma et al.
(1977), pores can be classified as regular (shape factor ≤ 2), irregular (2 <
shape factor ≤ 5), and elongated (shape factor > 5). In order to avoid mis-
leading results, shape factor should be estimated only for pores composed
of an adequate number of pixels/voxels and, thus, for those well delin-
eated in the digital image. The largest pore clusters are, in fact, the most
likely to be significant in the hydro-mechanical response of porous mate-
rials, even though most of the porosity in cement-based microstructure is
smaller in scale (Lange et al., 1994).
Recently, Münch and Holzer (2008) showed that, if properly interpreted,
two-dimensional pore space images can yield essentially equivalent infor-
mation as those elaborated from three-dimensional images.
Many recent models for the prediction of permeability in porous ma-
terials account for the effect of pore size distribution and connectivity
in their formulation. However, these factors are believed to provide only
an approximation of the actual hydraulic behaviour of pore networks,
commonly assumed to be formed by a bundle of straight capillary tubes.
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A more reliable simulation can be obtained introducing into predictive
models also the tortuosity, τ, which is a parameter related to the effectiveTortuosity
geometry of the curved capillary path.
Most of the theory behind the hydraulic conductivity model suggests a
clear relationship between soil structure and tortuosity, but in most cases
this factor is treated as a fitting parameter and no widely accepted formu-
lae with soil physical or pore space features are proposed. Furthermore,
in accordance with several researchers, tortuosity should be inversely cor-
related to connectivity and vice versa (e.g. Vervoort and Cattle, 2003).
Tortuosity can possibly be defined in terms of the effective path length
(le f f ) as follows:
τ =
(
l
le f f
)2
< 1 (4.97)
where l is the length of the sample. The squaring evolves from the fact
that the path length affects both the driving force (potential gradient) at
the local scale and the velocity, as illustrated by the Poiseuille’s law.
Similar to Equation (4.97), another definition of tortuosity can be de-
rived from the ratio
τ′ =
le f f
l
> 1 (4.98)
where τ′ represents in this case the inverse of τ.
Moreover, tortuosity can be expressed in terms of an effective area avail-
able for flow through a sample section and, as such, affecting the relative
hydraulic conductivity of the material.
Basing on its theoretical definition, tortuosity increases with decreasing
in degree of saturation, Sr, due to the negative effect of air bubbles in
hindering the free water flow in the pore network. From this experimental
consideration, the following formula has been deduced:
τ = Sar (4.99)
where a is an empirical material parameter determined from permeability
tests performed on saturated and non-saturated samples.
All these interpretations are based on a macroscopic approach, since
tortuosity is regarded as a factor that reduces the hydraulic conductivity
of the whole porous system calculated with the capillary tube model to
its "real" value. A slightly different concept is that concerning the micro-
scopic aspects of tortuosity, which defines τ as a power function of the
pore radius according to the following equation:
τ = rb (4.100)
where b is another empirical parameter.
Equation (4.100) can be used for the calculation of the effective or critical
pore size, rcrit, through
r2e = r
2+b τ = rb (4.101)
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Recently, Elliot et al. (2010) proposed to evaluate the tortuosity by com-
puting the ratio between the diffusion coefficient of free space and that
of void space within a soil column. Besides underlining that an inverse
relationship should exist between the volume of pore space and tortuos-
ity, the same authors proposed a novel estimation of the effective length
path presented above by combining tortuosity with the concept of discrete
compactness of 3D digital objects in the equation given by
le f f = [(1− CD) · τ · l] (4.102)
where τ is the tortuosity of the pore space, l is the length of the core sam-
ple, and CD is the discrete compactness of pores. CD is a 3D shape factor Discrete
compactnessdepending on the actual surface area and on the maximum surface area
possible for the volume of each discrete structure within the sample. The
value of CD can range from 1 (circular or spherical) to 0 (linear or disperse
structure). According to Elliot et al. (2010), individual pore geometry can
be simplified to that of a cylinder when 0.85 ≥ CD ≥ 0.15 (Elliot et al.,
2010).
The discrete compactness of a 3D digital object is defined as the dimen-
sionless ratio of the surface area to the minimum and maximum surface
areas for a certain volume:
CD =
Ac − Ac,min
Ac,max − Ac,min (4.103)
where Ac is the contact surface area, Ac,min is the minimum contact sur-
face area, and Ac,max is the maximum contact surface area.
Predictive models assuming the pore network composed of regular
cylindrical capillary tubes can thus be improved by including pore tor-
tuosity (τ) and pore shape (S3D or CD) factors. Although reliable perme-
abilities values can be estimated in this way, a further hypothesis related
to the constant cross-section along the pore length may be relaxed. This
can be obtained with the introduction of the so-called constriction factor,
CF, which is defined as the ratio of the hydraulic conductance derived Constriction factor
from the integration of the Hagen-Poiseuille equation along the length
of the pore with a variable radius to that of the cylindrical pore with an
average radius 〈r〉, according to Wong et al. (2012):
1
CF
=
〈r−4〉
〈r〉4 (4.104)
where the brackets 〈·〉 represent the average value along the length path
of the pore tube.
For instance, in the simple case of a pore with the radius varying as a
sinusoidal function of the position along the pore, the constriction factor,
CF, is given by
CF =
256 ρ7/2
(1+ ρ)4(5ρ3 + 3ρ2 + 3ρ+ 5)
(4.105)
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where ρ is the ratio of the minimum to maximum pore radius, rmin/rmax.
Constriction factor is relatively insensitive to the details of the radius
variation except for very small values of rmin/rmax, at which a ± 10%
change in this ratio from the chosen value will produce a change in CF of
about 20%. A suitable evaluation of rmin/rmax is therefore fundamental.
4.2.2 Theoretical models for the prediction of permeability
The estimate of the hydraulic conductivity of porous material is usually
based on the Hagen-Poiseuille equation, which allows the determination
of the transversal velocity distribution profile of a fluid flowing through
a long cylindrical pipe (Figure 4.13). Considering an elemental volume of
fluid coaxial to the pipe of length dx, radius dr, and cross-section area
dA (Figure 4.13a), and assuming the fluid to be Newtonian5, it is possible
to develop a mathematical expression for the velocity profile within the
tube (Figure 4.13b).
From Figure 4.13c, it is possible to obtain the force equilibrium equation
for the elemental fluid element, which is given by
p dA−
(
p +
∂p
∂x
dx
)
dA + γ f luid dA dx cos β = τr dS (4.107)
where p is the pressure applied to the upstream section, ∂p/∂x is the
pressure gradient along the length dx, γ f luid is the fluid unit weight, β is
the inclination angle formed with the horizontal plane, τr is the tangential
stress opposed to the flow direction, and dS is the lateral surface of the
cylindrical elemental volume.
Replacing cos β with the geodetic gradient −∂h/∂x, in which h repre-
sents the geodetic elevation with respect to a predefined reference point,
and τr with the tangential "drag" action produced by the fluid and pro-
vided by Equation (4.106), taken with the opposite sign, Equation (4.107)
can be rewritten, after appropriate simplifications, as
∂
∂x
(
p + γ f luid h
)
= 2
µ
r
∂v
∂r
(4.108)
The differential equation may be integrated adopting the following bound-
ary conditions:
v = vmax at r = 0 (4.109a)
v = 0 at r = r0 (4.109b)
5 A Newtonian fluid is a fluid whose stress versus strain rate curve is linear and passes
through the origin. The constant of proportionality is known as dynamic viscosity of the
fluid, µ f luid. An isotropic Newtonian fluid satisfies the equation
τf = µ f luid
∂v
∂y
(4.106)
where τf is the shear stress exerted by the fluid and ∂v/∂y is the strain rate, the gradient
of the velocity perpendicular to the direction of shear.
4.2 models for the prediction of the hydraulic response 197
(a) (b)
(c)
Figure 4.13: Derivation of the Hagen-Poiseuille equation for a fluid flowing
through a cylindrical pipe: (a) selected flow volume within the pipe
and identification of the polar coordinate system; (b) distribution of
the velocity in the pipe; (c) elemental volume used for the deriva-
tion.
in which r0 represents the radius of the tube. The result is expressed by
the following equation for the velocity distribution along the radius r:
v =
1
4µ
d
dx
(
p + γ f luid h
) (
r20 − r2
)
(4.110)
The maximum velocity vmax is obtained from Equation (4.110) imposing
the condition defined in Equation (4.109a):
v =
1
4µ
d
dx
(
p + γ f luid h
)
r20 (4.111)
The velocity profile within the tube form a paraboloid, whose mean
value is equal to half the maximum value. The mean velocity is therefore:
v =
1
8µ
d
dx
(
p + γ f luid h
)
r20 (4.112)
In discrete terms and indicating the pressure difference by ∆p, it can be
written as
v =
1
8µ
∆p
l
r20 (4.113)
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Finally, the flow rate may be obtained by multiplying the mean velocity
value for the cross section area of the tube, Ap, according to the following
equation:Hagen-Poiseuille
equation
Q =
pi
8µ
∆p
l
r40 (4.114)
which is commonly referred to as Hagen-Poiseuille equation.
In the derivation of the Hagen-Poiseuille equation no inertial forces
have been considered. This is a reasonable hypothesis when the Reynolds
number is lower than 2000, i.e. in laminar flow conditions. Under this
assumption, the velocity can also be determined with the well-known
Darcy’s law, given by
v = k i (4.115)
where k is the hydraulic conductivity (m/s) of the porous medium and i
the non-dimensional piezometric gradient. The flow rate through a generic
cross-section of the porous material containing the pipe, At, is then:
Q = k i At (4.116)
Comparing Equation (4.114) with Equation (4.116), expressing k in spe-
cific terms6, and resolving for the specific permeability, K, the following
equation can be obtained:Kozeny-Carman
equation
K =
pi r40
8 At
=
Φ3
2S2s
(4.118)
where the porosity Φ is equivalent to pir20/At and the specific surface Ss
is estimable by 2pir0/At.
Equation (4.118) is the original form of the Kozeny-Carman model for
the case of smooth walled cylindrical pores. The previous equation relates
pore space parameters, such as Φ and Ss, to the specific permeability of
the porous volume. However, it should be emphasized that only rough
approximations of K can be provided by this model and that no sim-
ple correlations typically exist between volumetric features and hydraulic
conductivity, because of the strong dependence of flow rate on the area,
continuity, shape, tortuosity, and connectivity of pore channels (Juang
and Hottz, 1986).
In order to overcome this drawback, generalizations of the Kozeny’s
model for flow in both saturated and non-saturated conditions have been
recently proposed in the literature.
6 The specific permeability, K, is defined as
K =
k µ f luid
γ f luid
(4.117)
where µ f luid and γ f luid are, respectively, the dynamic viscosity and the unit weight of the
fluid. From this definition, K is regarded to be as independent of the permeating fluid
properties and related to the characteristics of the porous volume.
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It is worth noticing that cement-based mixtures, as natural soils, are
generally extremely disordered systems. For this reason, probabilistic ap-
proaches should be adopted for prediction analysis.
With the advent of more powerful microprocessors and more efficient
computational procedures, numerical methods simulating entire small re-
gions of the pore space have been developed to a large extent. In these
models the more general form of the Navier-Stokes equations may be im-
plemented and numerically resolved for all the capillary tubes (throats)
belonging to the reconstructed three-dimensional pore network. The ge-
ometry of the 3D-model is customarily deduced from experimental pa-
rameters relied on the PSD curve corresponding to the investigated mate-
rial.
Brief descriptions of all these methods are given in the following.
4.2.2.1 Probabilistic methods based on the Poiseuille equation
Generally, all models for flow through porous media are based directly
or indirectly on the Poiseuille’s equation for laminar flow through a cylin-
drical capillary (Lapierre et al., 1990). A probabilistic approach seems the
most reasonable way to account for the intrinsic variability associated
with the distribution of the pore size characterizing any porous fabric.
Nevertheless, currently there is no clear or unique definition of "pore
size" and, hence, of its distribution.
The pore radius at any point within the pore space can be considered
as a random variable R. It can be defined for example as the radius of the
largest sphere which contains this point and yet remains wholly within
the pore space (Scheidegger, 1974). Thus, a pore radius can be assigned to
each point in the pore space and a pore radius distribution function of the
assumed capillary channels forming the pore network can be established
by determining what fraction of the pore space has a pore radius between
r and r + dr. Mathematically, the complementary cumulative distribution
function of pore radius, FR, may be expressed as
FR(r) =
∫ ∞
r
fR(r)dx (4.119)
where fR(r) is the corresponding probability density function and∫ ∞
0
fR(r)dr = 1 (4.120)
FR represents the probability that a random variable takes on realiza-
tion r ≥ R, whereas the probability of pores with radii ranging from r
and r + dr is fR(r)dr.
The volume of pores having radii between r and r + dr can be labelled
with dV and computed by:
dV = S(r) · fR(r)dr (4.121)
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where S(r) is a volumetric shape parameter which is a function of r and
depends on the particular pore shape model chosen.
The pore size density function can be derived from the pore size distri-
bution (PSD) determined for the sample. As previously reported, several
investigation methods exist for the construction of the PSD curve, being
MIP and image-based analysis the most used.
Once the pore size distribution is available, the total volume of pores
in the specimen, Vt, can be easily obtained.
To solve the problem for fR(r) it is necessary to estimate the shape
parameter S(r) in Equation (4.121). One alternative is to introduce a volu-
metric pore size density function, fvR(r), defined as
fvR(r) = S(r) · fX(r) = −d(Vt −V)dr (4.122)
where the term (Vt − V) is the volume of pores with radius equal to or
greater than r.
Integration of Equation (4.122) from R = r to R = ∞ gives
FvR(r) = Vt −V (4.123)
FvR(r) is the complementary cumulative distribution of pore size in
terms of pore volume, although it is commonly named pore size distri-
bution. FvR(r) is a distribution function of pore sizes and is somewhat
susceptible to measurements.
For mathematical convenience, it is preferable to express PSD in a di-
mensionless term, i.e. with the cumulative distribution of pore size in
percentage of its ordinate, FpR:
FpR(r) =
∫ ∞
r
fpR(r)dr =
Vt −V
Vt
× 100 per cent (4.124)
where fpR(r) is the pore size density function in percentage of its ordinate.
A relative frequency histogram (i.e. ∆(Vt − V)/Vt versus logr) can be
assumed as a good approximation for the pore size density function. In
this case, the class width, ∆(log r), has to be properly selected. However,
a functional form of the pore size density function is always desirable
(Juang and Hottz, 1986).
Comparing Equation (4.114) with Equation (4.116) and considering the
flowing area (Ap) to be related to the total cross-section area of the porous
material (At) by its porosity (Φ) according to Ap = At Φ, it is possible to
derive the following expression for hydraulic permeability (m/s):
k =
γ f luid
8µ f luid
Φ r20 (4.125)
Taking into account the pore size distribution characterizing the pore
space and replacing r0 with the second moment7 about the origin of the
7 In statistics, the second moment is a quantitative measure of the shape of a distribution
of points in the space. More generally, given a random variable X, the nth moment of
probability density function f (x) about a value c is
µ′n =
∫ ∞
−∞
(x− c)n f (x)dx (4.126)
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pore size distribution in order to include all the different radius present in
the pore network with their corresponding probabilities, Equation (4.125)
can be rewritten as
k =
γ f luid
8µ f luid
Φ
∫ ∞
0
r2i fR(ri)dri (4.128)
Substituting the pore radius with the diameter d, representing the sec-
ond moment as E(d2), and expressing k in specific terms, Equation (4.128)
becomes Equivalent capillary
model
K = SF E(d2) Φ (4.129)
in which SF is a shape factor equal to 1/32 for cylindrical pores. Notwith-
standing, the value of SF varies depending on the type of material and,
for a given material at varying porosities, it is found to increase with in-
creasing permeability (Garcia-Bengochea et al., 1979). Equation (4.129) is
generally referred to as equivalent capillary model.
This model can be extended to evaluate the hydraulic permeability of a
homogeneous porous medium having interconnected pores in accordance
with the following assumptions:
• the pore size of a porous medium is a random variable with a cer-
tain distribution;
• when adjacent sections of the porous medium are brought into con-
tact, the overall quantity of flow across the section relies on the
number of pairs of interconnected pores and their size;
• the quantity of flow through each pair of interconnected pores is
controlled by the narrower of the two pores;
• the connection between any two pores is completely random.
According to these hypotheses, a generic volume within the material
structure is denoted by a specific pore size density function fR(r) and,
in particular, the term fR(r)dr states for the ratio between the volume
occupied by pores of size r → r + dr and the total pore volume. If a cross-
section is considered, this volumetric ratio is about equal to the area ratio
of the pore area of size r → r + dr and the total pore area.
Figure 4.14 presents a small cylindrical porous portion geometrically
identified by a length ∆l and delimited by two cross-sections, i and j,
with identical pore size density functions, i.e. fR(ri)dr = fR(rj)dr.
Let the probability of pores of size ri → ri + dri on cross-section i being
connected to pores of size rj → rj + drj on cross-section j be P(ri, rj). This
function has the following extreme cases:
The nth moment about zero of a probability density function f (x) is the expected value
of Xn and is also called a raw or crude moment.
µ0n = E(|xn|) =
∫ ∞
−∞
xn f (x)dx (4.127)
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Figure 4.14: Schematic representation of a flow region (from Juang and Hottz
1986).
1. For ∆l → 0, the connections between pores are completely corre-
lated. Hence
P(ri, rj) = f (ri)dri or f (rj)drj (4.130)
2. For ∆l  r, the connection between pores of the two cross-sections
can be reasonably assumed to be completely random. Therefore
P(ri, rj) = f (ri) f (rj)dridrj (4.131)
The first case corresponds to the equivalent capillary model described
by Garcia-Bengochea et al. (1979) and proposed in Equation (4.128).
The second case, assumed by Childs and Collis-George (1950) and, later,
by Marshall (1958), results in the following equation:
k =
γ f luid
8µ f luid
Φ
∫ ∞
0
∫ ∞
0
r˜2 fR(ri) fR(rj)dridrj (4.132)
where r˜ is the smaller of ri and rj. In terms of specific permeability, Equa-
tion (4.132) becomesMarshall model
K = SF rˆ2 Φ (4.133)
where rˆ2 is named Marshall model pore size parameter defined as
rˆ2 =
∫ ∞
0
∫ ∞
0
r˜2 r˜2 fR(ri) fR(rj)dridrj (4.134)
According to Juang and Hottz (1986), the connection between the pores
of the two cross-sections would be, in reality, somewhere in between the
extreme situations, being probably only partially correlated.
A reasonable assumption for partially correlated connections is that
pores of size ri → ri + dri on cross-section i have a greater probability of
being connected to pores of the same size on cross-section j than to others
having different dimensions.
The probability of pores of size ri → ri + dri on cross-section i being
connected to pores of size rj → rj + drj on cross-section j is
P(ri, rj) = g(l, ri, rj) f (ri) f (rj)dridrj (4.135)
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Figure 4.15: Governing function for the permeability model (modified from
Juang and Hottz 1986).
where g(l, ri, rj) is a connection function and l is the third directional vari-
able (length) to account for tortuosity of flow. Thus, the permeability of
the system can be calculated by the following equation:
k =
γ f luid
8µ f luid
Φ
∫ ∞
0
∫ ∞
0
r˜2 g(l, ri, rj) f (ri) f (rj)dridrj (4.136)
The connecting function is very complex in nature. It depends on, at
least, the pore geometry and tortuosity features. It may be assumed to
be expressed by a Gaussian based relation to ensure that pores of section
i has a greater probability to be connected with other of similar size on
section j (Figure 4.15). In this condition, g is named governing function and Governing function
is given by
G(rj) = e−[(rj−ri)/J]
2
(4.137)
where J is an undetermined function of pore size.
Equation (4.136) can then be rewritten as Juang model
k =
γ f luid
8µ f luid
Φ
∫ ∞
0
∫ ∞
0
r˜2 · G(rj) · f (ri) f (rj)dridrj (4.138)
From Equation (4.137), if J → ∞, G(rj) → 1. For this case, Equation
(4.138) reduces to Equation (4.132). On the other hand, if J → 0, G(rj)
becomes a δ-function with the following properties:
G(rj) =
1, ri = rj0, ri 6= rj (4.139)
In this case the connection between pores are interpreted as completely
correlated which is the case depicted by the equivalent capillary model
of Equation (4.128).
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As pointed out by Scheidegger (1974), all capillary models are very
sensitive to the larger pore sizes (e.g. > 1 µm). This outcome has been
further confirmed by Garcia-Bengochea et al. (1979). Moreover, in accor-
dance with Juang and Hottz (1986), the contribution of pores of sizes less
than 1 µm to the overall permeability can be reasonably neglected. In ad-
dition, the same authors suggest to assume J as a linear function of the
pore size, i.e.
J(rj) = Jˆ rj (4.140)
where Jˆ is inevitably an empirical parameter, due to the absence of theo-
retical principles for the definition of a functional form for J.
Equation (4.138) can be solved numerically by implementing an itera-
tive method to determine the most suitable value of Jˆ for which a "good"
prediction of permeability is obtained. The resulting parameter Jˆ can later
be correlated to the pore size features of the porous material tested.
The hydraulic radius model (Scheidegger, 1974) is formulated on slightlyHydraulic radius
model different basis. From Equation (4.114), the mean velocity, v, through the
pore space can be calculated by
v =
Q
Ap
=
γ f luid
8µ
∆p
l
R2H (4.141)
in which RH is the hydraulic radius which can be expressed as
RH =
Ap
Pp
=
Φ At
Ss At
=
Φ
Ss
(4.142)
where Pp is the pore perimeter and Ss its specific surface.
According to Garcia-Bengochea et al. (1979), Ss can be evaluated from
Ss = 4Φ
∫ ∞
0
f (di)
di
(4.143)
Hence, Equation (4.142) can be rewritten as
RH =
[
4
∫ ∞
0
f (di)
di
]−1
(4.144)
The specific permeability can finally be computed by comparing Equation
(4.141) with the Darcy’s law. The resulting relationship is:
K = SF R2H Φ (4.145)
It is worthy to note that Equations (4.129), (4.133), (4.136), and (4.145)
can be generalized in the following prediction formula:
K = SF PSPb (4.146)
where PSP is named pore size parameter (dependent on the probabilistic
model adopted) and b is a best fit coefficient (Garcia-Bengochea et al.,
1979).
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4.2.2.2 Generalization of basic predictive models and other formulations
The Kozeny-Carman model of Equation (4.118) is one of the most used Generalized
Kozeny-Carman
model
methods for the prediction of permeability of porous media, since it is
founded on solid theoretical principles (Hagen-Poiseuille equation), it is
simple, and only geometrical quantities related to the morphology of the
pore space are required.
However, rough approximations can normally be obtained, as essential
factors for the description of the hydraulic behaviour of such materials are
not considered in its original formulation. Thus, in the literature, many
generalized Kozeny-Carman models have been developed to account for
the effects of tortuosity, shape of pores, and connectivity.
Ioannidis et al. (1996) propose the following equation for the estimate
of permeability:
K =
Φ3
2F S2s
(4.147)
where the empirical parameter F is called measured formation factor and it
is associated with the actual shape of pores.
As stated above, to compute the specific surface Ss Equation (4.88) can
be adopted, i.e. Ss can be assumed equal to the slope of the two-point
correlation function S2 (obtained from digital image processing) at the
origin. Since this evaluation of Ss is sensitive to the resolution of the ac-
quired images, significant uncertainties in the prediction of permeability
from Kozeny-Carman relations are expected.
The authors then suggest the following empirical relationship between
permeability, porosity Φ, and the integral scale of spatial correlation Is
defined in Equation (4.91):
ln(K) = a + b ln(Φ) + c ln(Is) (4.148)
where a, b, and c are regression coefficients found equal to 9.3252, 5.750,
and 1.572, respectively. Equation (4.148) seems to provide permeability
values in agreement with the experimental measurements for materials
characterized by Φ > 10%.
A similar generalized form of the Kozeny-Carman equation has been
presented by Solymar and Fabricius (1999). The model is given by
K = SC
Φ3
(1−Φ)2 Sˆs2
(4.149)
where SC is the Kozeny constant, dependent on the pore geometry, and Sˆs
is the specific surface of the solid phase, which is related to the specific 2D
circumference by a factor 4/pi (valid only for random sections of spheres,
but not for particles of non-spherical shape).
The Kozeny constant SC can be calculated from the porosity of the pore
network regarded as composed of intersecting circular tubes:
SC =
{
4 cos
[
1
3
arccos
(
Φ
82
pi3
− 1
)
+
4
3
pi
]
+ 4
}−1
(4.150)
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To include the effects of both tortuosity and constriction, Wong et al.
(2006a) have modified the original Kozeny-Carman predictive model as
follows:
K =
CF Φ3
2τ′2 S2s
(4.151)
where the parameter τ′ (τ′ > 1) represents the effect of tortuosity of the
flow and CF is a factor accounting for the effect of constrictions in the
pore throats.
Sometimes it is more convenient to express the previous equation in
terms of morphological properties of the solid phase (cemented matrix).
Assuming respectively Ss = Φm · Ss,m and Φ = (1− Va) · Φm, Equation
(4.151) can be rewritten as
K =
(1−Va) CF Φp
2τ′2 S2s,m
(4.152)
where Φm and Ss,m are, respectively, the porosity and specific surface of
the cemented matrix, and Va is the aggregate volume fraction.
In this respect, tortuosity and constriction parameters can be inter-
preted as two shape factors which act to transform the original CF of
the Kozeny-Carman equation (the "2" in the denominator) to a value that
is supposedly more representative of the actual pore geometry.
A detailed description of tortuosity and its correlation with the de-
gree of saturation (Sr) has been recently provided by Vervoort and Cattle
(2003). It is important to notice that none of these parameters is included
in the original Kozeny-Carman equation, which, therefore, may only be
used to evaluate the saturated permeability of a bundle of straight capil-
lary tubes.
On the other hand, several relationships relating the specific hydraulic
conductivity to the degree of saturation exist. One of these is:
Kr = Sar
∫ Sr0 h−1dSr∫ 1
0 h
−1
dSr
2 (4.153)
where h is the piezometric load at which the specific permeability is cal-
culated and the term Sar can be reasonably associated with the tortuosity
of the system according to Equation (4.99).
Equation (4.153) can be further modified to take into account the pore
size density distribution fpR(r):
Kr = Sar
[∫ r
0 r
b fpR(r)dr∫ ∞
0 fpR(r)dr
]c
(4.154)
in which a assumes the same meaning of the exponent of Equation (4.99)
and is, thus, the equivalent macroscopic description of tortuosity, whereas
b is related to the b in Equation (4.100) and to the microscopic description
of tortuosity.
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The parameter c is connected with the effective pore radius available
for flow, but it can be set equal to 1 due to its limited influence on the
overall model.
Since structural parameters are generally log-normally distributed, it is
possible to consider in place of the pore size density distribution fpR(r)
the corresponding average and variance. The statistical hydraulic conduc-
tivity model of Equation (4.154) can then be fitted to the measured unsat-
urated hydraulic conductivity values using the following equation:
K(h) = Ksat Sar
{
1
2
erfc
[
erfc−1(2Sr) +
b σ√
2
]}
(4.155)
where
Sr =
1
2
erfc
[
ln(h/hmean)
σ
√
2
]
(4.156)
in which a and b are fitting parameters, h is the potential at which the
relative conductivity is evaluated, hmean is the potential related to the log-
normal average value of the pore size distribution, Ksat is the saturated
hydraulic conductivity, and σ represents the log standard deviation of the
pore size density distribution.
Differently from the previous methods, other predictive models are sub- Generalized
Hagen-Poiseuille
models
stantially generalized forms of the fundamental Hagen-Poiseuille equa-
tion. An example is the model developed by Elliot et al. (2010), which is
further based on the introduction of a Dinic operator8 in the formulation
and on the concept associated with the "cubic law", which is a simplified
solution of the Navier-Stokes equations that averages inertial forces. Even
if not implemented, the latter concept allows to assume a possible vari-
ation in the surface roughness of pores as not significantly affecting the
hydraulic conductivity in a complex pore-system until turbolence causes
the flow to diverge from Darcy’s law. The cubic law, hence, enables the
use of smooth-walled capillary channels.
Rearranging the Darcy’s law, the saturated permeability, ksat, of an in-
dividual pore can be calculated by means of
ksat =
Q l
At ∆h
(4.157)
where Q is the summed individual pore contribution to flow through the
sample and At is its cross-sectional area.
To introduce into the model the effects of tortuosity and 3D compact-
ness, singular massive pore radii representing the pore network can be
determined through
rmassive =
V1/2massive
pi le f f
(4.158)
8 The Dinic operator in used in the resolution of flow problems in a flow network to take
into account the effect of inter-connectivity of the path.
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where Vmassive and le f f are, respectively, the volume and the effective
length (Equation (4.102)) of the pore.
According to what observed in the implementation of the Dinic algo-
rithm, in a fully-saturated system the highly interconnected nature of
massive 3D pores produces a redistribution of pressure when any flow-
path encounters a bottleneck. For this reason, flow can be regarded as un-
interrupted in highly interconnected systems due to the bypass around
constriction points.
Finally, adapting the Hagen-Poiseuille equation to the influence of a
highly networked massive singular pore structure, the flow rate in Equa-
tion (4.157) can be computed by
Q =
pi r4massive ∆h V2D
8 le f f µ Vmassive
(4.159)
where V2D is the summed pore volume from 2D imagery and Vmassive is
the volume of the massive singular pore.
The addition of the V2D/Vmassive dimensionless ratio is similar to the
Dinic flow capacity operator used by other researchers as a means to
operate on the fourth power of individual pore radii. The insertion of
this normalization term is useful to consider the distinct volume of each
massive singular pore, while accounting for the detected 2D flow-path
characteristics that are known to be related to the pore flow by established
numerical laws of fluid transport.
Recently, Wong et al. (2012) presented a rather innovative approach for
the prediction of permeability in porous material. The main feature of
this model is the conversion of the pore space into a "resistor network"
which can be solved for the flow that results from an applied potential
gradient. The conductivity of each pore channel can be evaluated for ir-
regular pores and, if the network topology is available, the problem is
reduced to solving a linear system of Kirchhoff’s equations.
However, in order to limit the computational effort, a Kirkpatrick’s ef-
fective medium approximation can be used. This method ensures accu-
rate permeability predictions using the same input data as do the explicit
methods, but requires the solution of only a single non-linear algebraic
equation.
Assuming the pore structure to be idealized as a network of tubes ar-
ranged in a simple cubic lattice, the volumetric flow rate through one of
these pores can be written according to the Hagen-Poiseuille equation as
Q = U
∆p
µ l
(4.160)
where U, which has dimensions of [L4], is the corresponding hydraulic
conductance. For an idealized case of a cylindrical tube of radius r and con-
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(a) (b)
Figure 4.16: Possible stereological problems connected with two-dimensional
imaging of porous volumes: (a) area overestimation; (b) overestima-
tion of pore density.
stant cross section, the hydraulic conductance is simply equal to pi r4/8
(cfr. Equation (4.114)). The hydraulic conductance can also be written as
U =
pi r4
8
=
Ap R2H
8
=
A3p
2P2p
(4.161)
This equation can be used to estimate the conductance of any arbitrary
shaped pore.
For a cubic lattice network of identical pores, each having a conduc-
tance U, the permeability of the network would be
K = Z U (4.162)
where Z is the number of pores per unit area in a plane perpendicular to
the lattice direction.
This approach avoids the use of computationally intensive procedures
to solve the actual flow equation for non-cylindrical pores and, accord-
ing to the authors, produce errors generally within ± 30% of the exact
conductance.
In order to take into account the effect of possible constrictions of
the flow path, the constriction factor, CF, can be introduced in Equation
(4.160). Moreover, when image based analyses of two-dimensional sec-
tions are performed, further stereological adjustments should be included
to reduce possible negative influences of artefacts generated during imag-
ing and related to an incorrect representation of the pore space. A two-
dimensional image, in fact, may sample the pore structure at an arbitrary
plane intersecting the pore axis at a random angle. In this situation, two
misleading effects are generated.
The first is associated with the overestimation of the conductance pro-
voked by larger pore areas and perimeters than the actual values. Con-
sidering a cylindrical pore with radius r and constant cross-section in-
tersected by the image plane at an angle β relative to the pore axis, it
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appears as an ellipse on the image, as shown in Figure 4.16a. The ratio of
the actual to measured conductance can be expressed as
Uact
Umeas
=
cos β (1+ cos2 β)
2
(4.163)
which, for all possible angles, becomes
Uact
Umeas
=
∫ pi
0
∫ pi/2
0 cos β (1+ cos
2 β) sin β dβdψ
2
∫ pi
0
∫ pi/2
0 sin β dβdψ
=
3
8
(4.164)
where β and ψ are the angle of spherical coordinates.
To evaluate the effect of an arbitrary two-dimensional image that is not
likely to be in a plane perpendicular to a lattice direction, the pore struc-
ture is again idealized as a hypothetical cubic lattice. In this condition,
the number of pore intersections made by an arbitrary slice, ρslice, can be
correlated to the "actual" number density in a lattice direction, ρact. The
result of averaging over all possible angles yields to
ρslice
ρact
=
∫ pi/4
0
∫ pi/4
0 (sinψ cos β+ sin β sinψ+ cosψ) dβdψ
2
∫ pi
0
∫ pi/2
0 sin β dβdψ
= 1.47
(4.165)
In conventional network models, once all the the individual pore con-
ductances are determined, they can be used to compute the macroscopic
conductance of the network. Given that the topology of the network is
known, the flow and mass conservation equations can be applied, respec-
tively, to each pore tube and to each node, leading to a large set of linear
equations that can be solved explicitly even if requiring extensive com-
putational efforts. The total flow rate is eventually obtained by summing
up the fluxes through every pore that exit the lattice at the outflow face,
whereas the permeability is found using the Darcy’s law from the total
flow rate and overall pressure drop.
The alternative approach proposed by Wong et al. (2012) consists in the
calculation of an equivalent pore conductance Ue f f representative of each
pore conductance Ui in the network. Ue f f can be effectively reckoned by
the Kirkpatrick’s approximation and, in particular, by solving the follow-
ing equation:
Z
∑
i=1
Ue f f −Ui
[(N/2)− 1] Ue f f +Ui = 0 (4.166)
where N is the coordination number indicating the number of pores con-
nected at each node (N = 6 for a cubic lattice) and Z is the total number
of pores.
Better estimations of the coordination number and constriction fac-
tors may be defined by using advanced three-dimensional imaging tech-
niques.
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It is important to underline that the effective medium approach uses
the same input data as the exact network model, but requires the solution
of only one non-linear algebraic equation (polynomial of the Zth order),
which can be solved using a standard root-finding algorithm such as the
bisection or the Newton-Raphson procedure.
Kirkpatrick’s approximation effectively transforms a heterogeneous ma-
terial into a hypothetical homogeneous one with the same topology, but
in which all the conductances have a single mean value. Errors of less
than 3% have been reported in the literature.
Finally, according to Equation (4.162), the permeability of the porous
medium can be obtain by
K =
Z Ue f f
Ap
(4.167)
A completely different approach has been described by Hu and Stroeven
(2003). In this model, the general effective media (GEM) theory is used to
predict the permeability of cement paste.
The GEM theory considers cement paste as a two-phase composite ma-
terial consisting of high permeability capillary pores and low-permeability
phase including C-S-H gel, CH, and anhydrous cement. In such systems,
hydraulic conductivity is assumed to be governed by the volume fraction
and the permeability of each phase.
At a given w/c ratio and at a certain degree of hydration, the overall
permeability of the cement paste can be estimated from data on poros-
ity and critical pore size. The permeability of the cement paste can be
computed from the following equation:
(1−Φ)(K1/2l − K1/2)
(K1/2l + a K
1/2)
+
Φ (K1/2h − K1/2)
(K1/2h + a K
1/2)
= 0 (4.168)
where
Kh =
1
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l2c (1.8)(1−Φc)2 (4.169)
Kl = kC-S-H
(
1− 1−ΦC-S-H
1−Φ′c
)2
(4.170)
where K is the overall permeability of the cement paste, Kl is the per-
meability of the low-permeability phase, Kh is the permeability of the
high-permeability phase (capillary pores), Φ is the porosity of the cement
paste, Φc = 0.18 is the critical value of capillary porosity for percolation,
rcrit is the critical pore size of the cement paste, a = (1−Φc)/Φc is a con-
stant, KC-S-H = 7× 10−23 m2 is the permeability of the C-S-H gel, ΦC-S-H
is the volume fraction of the C-S-H gel in the solid phase of the cement
paste, which can be calculated from w/c ratio and porosity, and Φ′c is the
critical volume fraction of the C-S-H, taken equal to 0.17.
Experimental results confirmed that the GEM theory is a useful tool in
predicting the permeability of cementitious materials.
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4.2.2.3 Network models
Network models are numerical methods which solve the flow field into
a virtual pore network by means of iterative procedures and by applying
to each cylindrical capillary throat connecting two pores the most appro-
priate flow equation, generally based on the fundamental Navier-Stokes
formulation for the description of motion of fluid substances.
By solving the non-linear system, all the information related to the most
important properties of the network, such as flow rate, fluid velocity and
pressure, and permeability, can be estimated for each connecting element.
Even though in the past these methods were considered rather difficult
to use due to the excessive computational effort required, they are cur-
rently extensively adopted especially for academic and scientific studies
to determine hydraulic properties of soils and rocks. Nevertheless, it is
still a challenge to employ network models as a predictive tool for wa-
ter flow and solute transport. The critical point is in fact associated with
the definition of the geometric parameters necessary to construct the net-
work (Vogel and Roth, 2001), which are typically derived from pore size
distribution curves obtained by MIP or image-based analysis.
The pore space is frequently represented as a three-dimensional lattice
of tubes of a given diameter, distributed over a regular grid. A simple vari-
ation of this physical interpretation is the so called "pore-throat” model,
where the nodes of the network correspond to pores connected by narrow
cylindrical throats. Thus, the throats control the invasion and the pores
the retraction of a permeating fluid.
Recent advancements into numerical modelling have supported the
simulation of networks composed of pores and throats having not only
similar diameters, but also similar shapes to those experimentally ob-
served.
The main advantage of pore network models is that they can be treated
using the tools of percolation theory9
Both in natural and artificial materials, the size spectrum of pores is
far too large (from less than 1 µm to millimetres) to be represented by a
single network model. Consequently, pores within a network model are
expected to be connected through smaller pores which are not explicitly
represented by the model itself.
This approximation is not always satisfactory, as in a number of materi-
als (e.g. cement pastes and fractured rocks) porosity presents a hierarchi-
cal structure which naturally involves correlations between pore lengths
and pore diameters. These correlations can be introduced by the construc-
tion of a "hierarchical network" including the contemporary presence of
9 The percolation theory describes the behaviour of connected clusters in a random graph
known as Bernoulli grids. Its fundamental theoretical result is that on these grids there
exist a proportion, pc, called percolation threshold, with 0 < pc < 1, such that if a generic
proportion p is greater than pc, there will be, with probability equal to one, a unique
cluster with infinite volume, denoted by C∞. If p < pc this event has probability zero
(Renard and Allard, 2011).
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(a) (b) (c)
Figure 4.17: Construction of a hierarchical network with two levels of hierarchy:
(a) one-level network with the grid size a1; (b) one-level network
with the grid size a2; (c) the hierarchical network after the superpo-
sition of (a) and (b) (modified from Voc˘ka et al. 2000).
separate families of pores on different length scales, as shown in Figure
4.17 (Voc˘ka et al., 2000).
The description of a simple network model developed by Vogel and
Roth (2001) is briefly described hereafter. The method considers a network
comprised of ideal cylindrical pores of a predefined radius, where nodes
have no extra volume. The basic geometry of the network is a face-centred
cubic grid with a coordination number N = 12.
Besides pore-size distribution and topology, the network model has two
basic parameters which have to be fixed: the grid constant λ and the effec-
tive coordination number Ne f f < N, which determines the mean number
of bonds per node used to represent the investigated pore structure and,
therefore, is a measure of the connectivity of the system.
Given the total number of nodes Zn, the total volume of the network is:
Vp =
1√
2
Zn λ3 (4.171)
and the total number of bonds is obtained by
Zb =
1
2
Zn Ne f f (4.172)
Based on the reconstructed pore-size distribution, the probability Pi of
a bond belonging to a pore-size class i is calculated as
Pi =
1
r2i
∆Φi
∑j
1
r2j
∆Φj
(4.173)
where ri is the radius of the pore-size class and ∆Φi is the corresponding
volume fraction. The sum is for all the measured pore-size classes.
Then, the total volume of each of these classes is determined by
Vi = Zb Pi pi r2i λ (4.174)
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which should satisfy the condition
Vi = Vp ∆Φi (4.175)
These geometric considerations lead to the relation between the grid
constant λ and the effective coordination number Ze f f :
λ2 =
pi√
2
Ne f f
[
∑
j
∆Φj
r2j
]−1
(4.176)
According to the classical formula of the graph theory reported by
Equation (4.92), the Euler number of the network model can be obtained
by
EuV =
Zn − Zb
Vp
(4.177)
and then, using Equations (4.171) and (4.172), Equation (4.177) becomes
EuV =
√
2
1− (1/2) Ne f f
λ3
(4.178)
At this point, a network may be generated using identifying parameters
related to the individuated pore-size distribution. To that end, pore radii
can be assigned to the bonds of the network according to the probability
density defined in Equation (4.173) and distributed either randomly or
with a preset autocorrelation.
The next step is to adapt the topology of the network to the measured
connectivity function. To avoid boundary effects, the network is normally
periodic in the horizontal plane.
To simulate the capillary pressure-saturation relation, the proposed net-
work model is assumed to be saturated with water initially and subse-
quently drained stepwise at different pressures corresponding to the dif-
ferent radii ri.
The relative hydraulic conductivity Kr(p) is assessed by imposing a
pressure gradient ∆p across the ends of the network. The water flow rate,
qij, through a cylindrical pore with radius rij connecting two nodes i and
j can be described by the Hagen-Poiseuille’s law (Equation (4.114)).
A further condition is given by the mass balance for each node i:
∑
j
qij = 0 (4.179)
This leads to a system of linear equations which can be solved for the
pressure distribution on all nodes in the network possibly using the con-
jugate gradient method. The hydraulic conductivity is then determined
by the total flux through a horizontal plane. This is done for each step of
capillary pressure to get the relative unsatured hydraulic conductivity of
the network.
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It should be pointed out that the size of the network model is criti-
cal when hydraulic conductivity is the objective of the study. Despite the
choice of a predefined connectivity function as input for the different real-
izations, the percolation threshold of the pores is expected to be reached
for different pore diameters or at different capillary pressures. This effect
is considerably reduced by increasing the size of the network.
Limitations of this model are attributable to the possible misleading
description of the topological properties of the structure represented by
EuV and to uncertainties associated with the effective pore radius of the
matrix porosity provided by N − Ne f f bonds per node. Nevertheless, wa-
ter flows near saturation are not affected by the choice of this parameter,
since, in these conditions, they are actually governed by the larger pores.
A fully interconnected network model extensively used in the mod- Pore-Core network
modelelling of porous structures is the Pore-Cor Network Model (e.g. Matthews
et al., 2006). The computer model Pore-Cor has been used to virtually
reconstruct the structures of a wide range of porous materials including
sandstones, medicinal tablets, and soil.
This model generates simple stochastic representations of the internal
void space of an inspected sample and further quantifies some parameters
which can be directly correlated to several real properties of the examined
material (Dal Ferro et al., 2012).
The pore structure is composed of cubes that reproduce pores, sur-
rounded by cylindrical throats. The unit cell of the model comprises 1000
pores in a 10x10x10 array, connected by up to 3000 throats (i.e. one con-
nected to each cube face) (Schoelkopf et al., 2000). Each pore is equally
spaced from its neighbouring pores by a pore row spacing λ and, hence,
each unit cell is a cube of side length 10 λ. There are periodic boundary
conditions with each cell connected to another identical unit cell in each
direction.
The pore- and throat-size distribution of the unit cell is optimized on
the basis of five parameters, in order for the simulated percolation curve
to fit as closely as possible the experimental PSD curve. These parameters
are:
• throat skew: is the asymmetry of the throat distribution;
• throat spread: defined as twice the standard deviation of the beta
distribution;
• pore skew: compensates for the fact that the regular positional spac-
ing of the features in the network, irrespective of size, often makes
it difficult to achieve the correct experimental porosity;
• connectivity: is the average number of connected throats per pore;
• correlation level: is the setting level of local autocorrelation of throats
and pores.
Since the percolation characteristics of the network are insensitive to λ,
this parameter is adjusted to determine a reasonable matching between
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numerical and experimental porosity values, while ensuring that no pores
overlap.
The size of the unit cell is often smaller than the representative ele-
mentary volume of the sample. Therefore, different unit cells must be
generated using different seeds for the pseudorandom number genera-
tor. The algorithm is designed so that different structural parameters in
conjunction with the same seed of the pseudorandom number generator
produce a family of unit cells which are similar to each other (Schoelkopf
et al., 2000).
The notable numerical results obtained so far have encouraged further
enhancements and development of the Pore-Cor method, which is prob-
ably the most suitable approach for a reliable representation of the hy-
draulic phenomena occurring in porous materials.
Part II
E X P E R I M E N TA L S T U D Y O N C S M T R E AT E D S O I L S
In this part of the thesis, the experimental data, the laboratory
techniques used to characterize the CSM treated samples, and
the subsequent elaborations are presented and discussed.

5C A S E H I S T O R I E S
5.1 introduction
The research activity was primarily focused on the interpretation of lab-
oratory tests results obtained from CSM treated soil samples collected at
several jobsites located worldwide.
Because of the fundamental role played by the mineralogical and micro-
structural features of soils on the mechanical and hydraulic response of
DM structures, in the following sections a brief geotechnical characteriza-
tion of the subsoils in which the CSM panels were installed is reported.
In addition, for each jobsite, details concerning the mix design of the
binding slurry and the mixing parameters adopted for production neces-
sary for the subsequent elaborations are provided.
Results derived from laboratory tests performed on stabilized materials
are finally presented and discussed.
5.2 aresing (germany)
Between December 2003 and January 2004, feasibility tests were carried
out at the BAUER Maschinen test site in Aresing (Germany) with the aim
to construct watertight retaining walls to depths of up to 20 m using the
newly developed Cutter Soil Mixing process.
5.2.1 Geotechnical characterization
The soil at the test site consisted essentially of a 6 m thick layer of gravelly
sand and an underlying mass of fine sands and silts. Lenticular layers
of fine to medium sand with high proportions of silt were encountered
from 1.3 m to 1.7 m and between 9.0 m and 9.1 m below the ground
level (Figure 5.1). The groundwater-table was located at approximately 3
m from the surface.
DPSH and SPT tests were performed at the site and the results of these
investigations are reported in Figure 5.2. The NDPSH was found to ini-
tially increase with depth, approaching an average value of 12 between
the ground level and 5 m. Between 5 m and 10 m, NDPSH gradually de-
creased to an average value of 8. Finally, at deeper depths, NDPSH steeply
increased up to 65 at 13.1 m.
In Figure 5.2, the NSPT values measured at different depths are given.
Relatively high values were observed close to the surface (16 to 29), prob-
ably indicating a denser state. The smallest value (12) was obtained at
about 14.0 m below the ground level.
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Figure 5.1: Granulometry test results obtained from the soil samples collected at
the jobsite of Aresing.
Figure 5.2: DPSH and SPT results obtained from tests performed at the jobsite
of Aresing.
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Figure 5.3: Suitability tests carried out in Aresing.
Reduced NSPT values between 10 m to 15 m were possibly associated
with the presence of significant high plastic inorganic clay and silt frac-
tions (CH according to Casagrande plasticity chart) in the subsoil. This
contrasted with the increasing trend of NDPSH, which was probably af-
fected by local inhomogeneities in the ground, such as the occurrence of
rigid inclusions.
5.2.2 Mix design and production data
To develop the CSM technique into a construction process for full scale
production, a quasi circular wall in the shape of a polygon (Figure 5.3)
was constructed at the Bauer testing site with a diameter of 8 m and a
depth of 20 m (Stötzer et al., 2006). The panels had a cross section of 2.2
m x 0.5 m. The shaft was then excavated to a depth of approximately 10
m.
The panels were produced following the two-phase system and the
fresh-in-hard method, but adopting different types and concentrations of
fluidifying agents and grouts.
Further three panels were driven to a depth of 10 m at the centre of
the shaft according to the fresh-in-fresh procedure. Additional two 13 m
deep panels were realized inside the shaft, one reinforced with H beams
and the other exhumed for visual inspection of the effect of the treatment
and to take samples of soil-cement mix (Fiorotto et al., 2005).
Several fluidifying agents were used during penetration in order to
loosen and liquefy the soil and avoid particle segregation. A mix of ben-
tonite and a polymeric fluidifier gave the best results. The bentonite mud
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was made up using a water-to-bentonite ratio, w/b, of about 12 and the
grout was prepared using a w/c comprised between 0.5 and 0.6.
The 28 curing day strength of the soil-cement mix, determined by un-
confined compression tests carried out on cores taken from different pan-
els, ranged from 5 MPa to 8 MPa. All wall panels and joints were found
to be watertight.
5.3 avigliana (italy)
During April 2005, a CSM wall was constructed as a retaining wall for the
two access ramps of a railway underpass in the city of Avigliana (Italy).
5.3.1 Geotechnical characterization
To the north of the railway lines, deposits of alluvial gravels and sands
were observed up to 8-10 m from the ground level. At this depth the
bedrock was encountered. To the south, an increasing fraction of silty
layers were present, and a heterogeneous mixture of silt with gravel and
sand was the predominant formation.
5.3.2 Mix design and production data
During preliminary suitability tests, different amounts of cement (CEM
II/B-M (L-S) 32.5) in the range 200-350 kg/m3 of natural soil were used
to prepare laboratory specimens, subsequently tested for the estimate of
UCS.
An amount of cement of 300 kg/m3 was considered adequate to achieve
a strength of 5 MPa in the treated alluvium soil. However, an amount of
400 kg/m3 and a water-to-cement ratio of 0.7 were assumed for the in-situ
production.
The unconfined compression tests performed on the silty soil mixed
with cement in the laboratory showed that a cement content of 350 kg/m3
was not sufficient to reach the design strength, and, for this reason, 500
kg/m3 were suggested. No bentonite was used for the preparation of the
samples.
5.4 leuna (germany)
Between August and September 2005, a cut-off wall composed of CSM
panels was built in an ex-refinery site in Leuna (Germany) in order to
limit the groundwater contamination in the surrounding area. The wall
was 450 m long (6400 m2) and 203 panels were necessary for its comple-
tion.
In addition to the cut-off wall, a retaining wall was produced for a
separate test purpose.
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5.4.1 Geotechnical characterization
A comprehensive geotechnical investigation was accomplished prelimi-
nary to the CSM wall construction. It included several boreholes and
dynamic penetration tests conducted directly at the site. Furthermore,
granulometry tests, permeability tests, and triaxial unconsolidated and
undrained tests were carried out on soil samples retrieved from the bore-
holes. Some of these samples were also classified by means of Atterberg
limits and chemical analyses. Inside each borehole a piezometer was in-
stalled to monitor the groundwater level and the quality of the water
before and after treatment.
The resulting grain size distribution curves are depicted in Figure 5.4.
Each curve in the graph is individuated by an alphanumeric string report-
ing the borehole number, the sample number, and the depth at which the
sample was taken. The curves show the great heterogeneity characteriz-
ing the subsoil at the site of Leuna.
Triaxial undrained tests were performed on undisturbed cohesive sam-
ples collected from the site. The undrained shear strength varied from 120
kPa to 247 kPa, denoting the high overconsolidation of the clay deposits.
The classification of these soils based on the Casagrande plasticity chart
is shown in Figure 5.5. The finest fraction could be classified as inorganic
silty clay of medium plasticity (CL).
Moreover, hydraulic conductivities of the order of magnitude of 10−10-
10−11 m/s were measured on soil specimens representative of the fine
deposits of Leuna.
Close to each borehole, a dynamic penetration test was executed in or-
der to obtain a more effective correlation between test results and visual
inspection. An example is presented in Figure 5.6, in which the DP re-
sults are compared with the information contained in the corresponding
borehole report.
From the in-situ and laboratory investigation campaign the following
geotechnical profile was derived.
The first layer consisted of loose to medium-dense sandy fillings, with
a variable thickness of 0.0 - 2.2 m from the ground level (up to 2.64 m
close to B5413).
The second level, containing a larger fine fraction with respect to the
first, was composed of Loess, glacial marl, or a less weathered gravel
terrace depending on the considered site area. The cohesive part had a
soft to hard consistency, while the granular material was characterized by
a loose to medium-dense state.
Some organic formations of soft to stiff consistency were encountered
between 2.2 - 6.1 m from the surface, particularly in borehole B5409.
Sand and gravel of the alluvial terrace, prevalently at a loose to medium-
dense state, formed the third level. In some DP tests, NDP was over 60
blows per 10 cm. These high values were probably related to the presence
of boulders or cobbles. The thickness of this layer was variable through-
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Figure 5.4: Grain size distribution curves obtained from the soil samples col-
lected at the jobsite of Leuna.
Figure 5.5: Classification of the natural subsoil at the jobsite of Leuna.
out the jobsite area and was between 6.1 m and 10 m below the ground
level.
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Figure 5.6: Dynamic penetration test results obtained from the preliminary
ground investigation at the jobsite of Leuna - Borehole B5418.
On the north (B5407 to B5409 and B5500), the surface quaternary de-
posits described so far were found to lie directly on the bedrock. In the
remaining area, a tertiary layer was located in between.
The tertiary deposits incorporated a sequence of non-carbonate sands,
silts, and clays with a thickness ranging from 13.5 m to 41.0 m. The cohe-
sive formations had a stiff to solid consistency, which led, in some cases,
the DP tests to refusal. The tertiary sands were denoted by a medium-
dense state increasing in density with depth. In several boreholes, local
organic formations of lignite were identified.
Finally, the weathered and disaggregated sandstone bedrock with a stiff
to semi-solid consistency was reached at a variable depth, which in the
North-Western area of the jobsite was approximately comprised between
5.0 m and 7.0 m.
5.4.2 Mix design and production data
The cut-off CSM panels had a maximum depth of 16 m and a thickness of
0.64 m. The construction was performed following the one-phase system
and the back-step procedure (fresh-in-hard), with the realization of 2.8
m wide primary panels and 2.0 m wide secondary panels, i.e. with an
overcut of 0.4 m at each side.
As far as the cut-off wall production concerns, the mix parameters pro-
vided in Table 5.1 were adopted at the site. In order to introduce into the
ground an amount of cement corresponding to 152 kg/m3 of natural soil,
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Table 5.1: Mix design at Leuna – Cut-off and structural wall.
Parameter Cut-off wall Structural wall
Cement (CEM III) (kg) 373 709∗
Water (l) 858 682
Bentonite (kg) 40 20
w/c 2.3 0.96
w/b 21.45 34.1
∗ Initially it was selected equal to 909 kg
a flow rate of 585 l/m3 was assumed. The cement used was a CEM III
32.5N NW/HS (85% slag and 15% OPC).
The retaining wall, on the contrary, was created with a higher amount
of cement to ensure the achievement of a predefined strength level (Ta-
ble 5.1). The same flow rate of 585 l/m3 was adopted to introduce into
the ground an amount of cement corresponding to about 550 kg/m3 of
natural soil. Furthermore, the same binder as in the cut-off wall was used.
Hydraulic conductivity values of the order of magnitude of 10−9 to
10−11 m/s were obtained from permeability tests performed on cut-off
wall samples.
UCS values ranging from 0.5 MPa to 6 MPa were measured on samples
collected from the structural wall.
5.5 vercelli (italy)
The construction of 12 shafts in the city of Vercelli (Italy) was planned for
October 2005. The shafts to be constructed had a diameter of 10 m and
a depth of 16 m. A preliminary field trial (May - June 2005) was carried
out to calibrate the mix design and to verify the feasibility of the CSM
method. Three panels were built to this purpose and several samples,
cored from them at certain curing times, were tested for unconfined com-
pressive strength. In the drilled holes several hydraulic tests were also
executed.
5.5.1 Geotechnical characterization
The encountered subsoil formations were, in general, particularly hetero-
geneous. The predominant material was gravelly sand including cobbles
with sizes ranging from 60 to 100 mm, increasing up to 20 cm in those
layers mostly composed of gravel and stones.
Three boreholes were drilled at the site and in each of them a SPT
test was performed at regular depth intervals of approximately 3 m. SPT
results are reported in Figure 5.7.
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Figure 5.7: Standard penetration test results obtained at the site of Vercelli.
Table 5.2: Mix design at Vercelli.
Parameter Penetration Withdrawal
Cement (CEM I) (kg) 400 1000
Water (l) 1000 650
Bentonite (kg) 60 0
w/c 2.5 0.65
w/b 16.7 -
5.5.2 Mix design and production data
The three CSM panels produced during the field trial in Vercelli were 2.2
m wide, 0.5 m thick, and approximately 12.6 m deep. The depth was lim-
ited due to the difficult soil conditions which led also to a high wearing
of the rotating parts and teeth (on average 0.25 teeth/m2) of the mixing
unit.
The two-phase system and the fresh-in-hard method were adopted in
this situation. The mix design used is reported in Table 5.2.
After coring operations, seven Lefranc tests under variable hydraulic
load, three Lefranc tests under constant hydraulic load and one Lugeon
test were conducted in the drilled holes. Hydraulic conductivity values
comprised between 7.91 · 10−6 and 2.55 · 10−9 m/s were obtained.
The treated soil cores having a diameter 8.2 cm and an aspect ratio l/d
ranging from 1 to 1.25 were tested at 72 curing days for UCS, which was
found variable between 5.19 and 7.48 MPa.
228 case histories
Figure 5.8: SPT results obtained at the site of Vittorio Veneto.
5.6 vittorio veneto (italy)
In the month of July 2005, a CSM retaining wall was installed to support
the excavation for the foundation of a gymnasium in the city of Vittorio
Veneto (Italy). In addition to the wall, having a perimeter of about 170 m,
additional 36 panels were created for foundational purposes.
5.6.1 Geotechnical characterization
The stratigraphy was dominated by the presence of very clayey, partly
sandy, silts of soft consistency. Four SPT tests were performed at the site
and their results are shown in Figure 5.8.
5.6.2 Mix design and production data
The CSM wall panels were characterized by a cross-sectional area of 2.2 x
0.5 m2 and a length of 9.5 m. The foundation elements were mixed up to
a depth of 7 m. The final excavation depth was 4.5 m.
To provide an increased structural efficiency, in each panels were in-
serted by vibration two HEA 320 steel beams located at a centre to centre
distance of about 65 cm. The wall head was further restraint by means of
a single level of 12 m tie-back anchors, as shown in Figure 5.9
The CSM panels were built according to the one-phase system and
the fresh-in-hard method and using the mix design parameters reported
in Table 5.3. The cement employed for production was a CEM II/A-LL
32.5R.
In order to obtain a UCS of 4 MPa, a theoretical amount of 400 kg/m3
had to be introduced and mixed with the natural soil. Tests performed on
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Figure 5.9: View of the construction site of Vittorio Veneto after the completion
of the excavation.
Table 5.3: Mix design parameters used at Vit-
torio Veneto.
Parameter Penetration
Cement (CEM II/A) (kg) 600
Water (l) 600
Bentonite (kg) 0
w/c 1.0∗
w/b -
∗ Initially it was set to 0.5, but several problems
occurred during the construction of the first
panels.
cubic blocks of side of approximately 15 cm showed, however, strengths
ranging from 1.5 to 3.7 MPa at about 70 curing days.
Laboratory permeability tests provided an hydraulic conductivity of an
order of magnitude of 10−9 m/s.
5.7 lido treporti (italy)
In 2003 the MOSE project to protect Venice (Italy) from floods was given
the go-ahead to start. The mobile barriers are the heart of the defence
system and consist of a total of 79 gates, each 5 m thick, 20 m wide, and
30 m long, placed in the inlet channels. They were specifically designed
to withstand a difference in level of up to 2 m between the sea and the
lagoon.
The mobile barriers remain in position for the duration of the high
water only. When the tide drops and the sea and lagoon return to the
same level the gates are filled with water again and they return to their
caissons.
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(a) Planned final configuration (b) After dewatering phase
Figure 5.10: Overview of the Lido inlet
To allow port activities to continue and pleasure craft, emergency ves-
sels and fishing boats to shelter and pass through when the barriers are
in operation, a lock for the larger ships will be soon accomplished at the
Malamocco inlet. Small craft harbours and locks have been also designed
for the Lido and Chioggia inlets.
One of the small craft harbours at the Lido inlet (Figure 5.10a) served
initially as a construction pit for the precast caissons that form the foun-
dations of the gates (Figure 5.10b). In order for the pit to be dewatered,
an impermeable cut-off was necessary to circumscribe the dock and to ex-
tend to a depth of 28 m where a relatively impermeable clayey layer was
encountered (Gerressen et al., 2008). The CSM method was considered
suitable for this purpose.
5.7.1 Geotechnical characterization
The typical ground conditions were about 11 m of sand fill, followed
by alternating layers of silty sands, clayey silts and silty clays down to
the socket layer of clayey silt starting at a depth of 23 m. To ensure the
waterproof function of the excavation pit a minimum embedment length
of 1 m was required. Therefore the cutting depth was chosen to a final
depth of 28 m where the watertight silt layer was expected.
The main geotechnical profile can be summarized as reported in Table
5.4:
5.7.2 Mix design and production data
The specifications called for the cut-off wall to fulfil two main require-
ments: a permeability lower than 10−8 m/sec and a strength higher than
500 kPa.
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Table 5.4: Geotechnical profile at Lido Treporti.
Level Description From (m) To (m)
A Silty fine sand Seabed 12.0-13.0
B Clayey silt and silty clay 12.0-13.0 17.0
C Fine, locally silty, sand 17.0 22.5-23.0
D Clayey sandy silt 22.5-23.0 38.0-39.0
E-E’ Medium-fine, locally silty, sand 38.0-39.0 70.0
F Clayey sandy silt 70.0 > 70
Preliminary suitability tests were carried out in the laboratory by mix-
ing a number of representative samples of soil collected from the site with
different amounts of water and cement and with other plastic binders.
The selected stabilizing agent was a pozzolanic cement, i.e. a CEM IV/B-
P 32.5N. All samples were prepared with potable water and left to hy-
drate under a head of water taken from the lagoon. The proportions of
the various components were chosen to represent cement contents in the
final soil-binder mix of 200, 250, and 300 kg/m3 of soil.
Permeability and compressive strength tests were performed on the
mixed samples at 11 and 28 curing days. Good results were achieved
with compressive strengths well over the 500 kPa limit and an average
permeability value at 28 curing days of 4.03 · 10−9 m/sec.
These results confirmed the potential of DMMs to stabilize the natural
soil and to satisfy the design specifications.
Because of the relevant depth of the wall, a cable suspended CSM ma-
chine was chosen. To validate laboratory test results, several CSM test
panels were produced at the site to optimize the installation method
and parameters. These trial panels were mixed with the CSM machine
to depths of 30 m using different binder mix ratios and quantities and
giving primary panels different hydration times before intersecting them
with secondary panels. In addition, the effectiveness of a polymeric plas-
ticizer was investigated and both the one-phase (fresh-in-fresh procedure
with an overcut of 70 cm) and the two-phase (fresh-in-hard procedure
with an overcut of 30 cm) systems were tested.
Six panels were installed according to the mixing parameters presented
in Table 5.5. Panels 1B and 2B were isolated elements built using the
two-phase system, whereas panel 3M was an isolated structure created
adopting the one-phase system. The one-phase system was also used for
the construction of primary panels 4M and 5M and the intersecting sec-
ondary panel 6M.
Upon analysis of the test results, values of permeability and strength
were very similar for the two approaches, but even though the one-phase
method generated less spoil than the two-phase procedure (respectively,
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Table 5.5: Mix design parameters used at Lido Treporti.
Parameter 1B-2B 3M 4M-6M
Penetration phase
Cement (CEM IV/B) (kg) - 421 421
Mix suspension (l) As required∗ 862 862
Polymeric plasticizer (l) 0 0 4
w/c - 2.0 2.0
Withdrawal phase
Cement (CEM IV/B) (kg) 1000 421 421
Mix suspension (l) 800 862 862
Polymeric plasticizer (l) 0 0 4
w/c 0.8 2.0 2.0
∗ The required amount to fluidize the soil during penetration ranged
from 630 to 1060 l/m
 6% Bentonite suspension
 Only water
40% and 47% of the total volume of the panel), the latter was selected for
the project.
This choice was due to the fact that it is always important to ensure
at the end of the penetration phase a sufficient fluidity of the soil-binder
mix above the CSM unit in order to facilitate the following extraction of
the machine. On some areas of the site, indeed, the salt content in the
ground was such that it caused the cemented mix blended according to
the one-phase system during the downstroke to lose fluidity very rapidly,
hampering the subsequent upward movement of the cutter. On the con-
trary, this problem did not occur when the two-phase system was used,
since the soil-bentonite mix above the mixing head remained very fluid.
Other advantages of the two-phase system were the increased productiv-
ity due to the rapid withdrawal process and the high homogenization
attained in the soil-binder mixture forming the panel (Gerressen et al.,
2008).
Numerical modelling of the flow conditions in the surrounding of the
dewatered basin confirmed the experimental findings and, in particular,
showed a permeability value of the diaphragm of the order of magnitude
of 10−9-10−10 m/s (Giacomini et al., 2010).
Unconfined compression tests on several wet-grab samples collected
from trial and definitive panels allow to draw the following conclusions:
• the strength obtained with the one-phase system (107-740 kPa) were
lower than that achieved with the two-phase system (140-5000 kPa);
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Figure 5.11: Experimental results obtained from the in-situ CPTU test performed
in Brisbane.
• extremely high variability of strength results occurred;
• measurements of the external elastic modulus at 50% of the failure
load provided an empirical correlation between UCS and Es,50, ex-
pressed as
75 UCS ≤ Es,50 ≤ 200 UCS (5.1)
5.8 brisbane (australia)
A CSM field trial was carried out during Spring 2006 in the city of Bris-
bane (Australia).
5.8.1 Geotechnical characterization
Geotechnical characterization of the site was effectuated by means of lab-
oratory tests on retrieved soil samples and through a piezocone CPT test,
whose results are shown in Figure 5.11.
The subsoil was predominantly composed of grey to dark grey silty
clay (CH to OH), with some silt and fine grained sand partings. Numer-
ous bands and inclusions of shells and shell fragments, as well as very
occasional decomposed woody fragments, were encountered.
The soils in the area were, in fact, of marine origin and consisted of
normally consolidated estuarine sediments except for the upper 2 to 3
m, where they were found slightly overconsolidated. Typically, they were
acid sulphate soils with pH ranging from 2 to 3.
Laboratory tests provided the following range of index properties:
• wet density: 1600 to 1700 kg/m3;
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Table 5.6: Mix design parameters used at the
jobsite of Brisbane.
Parameter P300 P500
Cement (CEM II/B) (kg) 729 869
Water (l) 729 579
Bentonite (kg) 0 0
w/c 1.0 0.5
• moisture content: 50 to 80 %;
• soil dry density: 1000 to 1150 kg/m3;
• liquid limit: 60 to > 100%;
• plastic limit: 25 to 32%.
5.8.2 Mix design and production data
Two CSM panels were produced using the one-phase system up to a
depth of 8 m during the field activity. They were designed to add prede-
fined amounts of cement to the subsoil equal, respectively, to 300 (panel
P300) and 500 (panel P500) kg/m3. The cement was a CEM II/B-V with a
fly-ash content of 33%. To this purpose, the mix design proposed in Table
5.6 was utilized.
Unconfined compression tests on samples at about 70 curing days cored
at several depth along the panels showed a UCS of 1-3.2 MPa for panel
P300 and of 4.5-8.8 MPa for panel P500.
5.9 münster (germany)
A CSM retaining wall to support an excavation pit of 3600 m2 realized
for the foundation of a new building in the city of Münster (Germany)
was constructed up to a depth of 12 m. The structural wall was further
restraint with one or two levels of tie-back anchors. The CSM technique
was preferred to the Mixed in Place method (utilizing a triple auger) since
the structure was required to be embedded for 2 m in the underlying marl
bedrock.
5.9.1 Geotechnical characterization
A comprehensive geotechnical investigation was conducted at the site. In-
situ activity consisted in several boreholes from which soil samples were
retrieved and in dynamic penetration tests, whose results are presented
in Figure 5.12.
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Figure 5.12: Experimental results obtained from the in-situ dynamic penetration
tests performed in Münster.
From site and laboratory outcomes, the following subsoil characteriza-
tion was derived:
0.0 - 7.0 m: medium to dense sandy silt. From 4.5-5.0 to 6.0-7.0 m
below the ground level the sand fraction prevailed. On av-
erage, a mean friction angle for this layer was found equal
to φ ′ = 30◦ ;
7.0 - 8.0 m: mixtures of clayey silt and sand of medium density charac-
terized by c ′ = 10 kPa and φ ′ = 25◦ ;
8.0 - 9.0 m: rigid glacial till with inclusions; c ′ = 10 kPa and φ ′ = 27.5◦ ;
> 9.0 m: semisolid to solid marl, denoted by a weathered surface
which was generally 0.3 to 2.5 m thick. Design strength
parameters were estimated in c ′ = 25 kPa and φ ′ = 22.5◦ .
5.9.2 Mix design and production data
Several suitability tests were carried out in the laboratory before the field
construction. Soil samples collected at different depths from the site were
mixed with different binder proportions in order to define the best mix
design for the panel production.
The unconfined compressive strength obtained from laboratory mixed
specimens ranged from 1.5 to 12.6 MPa depending on the type of soil
mixture, the binder content used, and on the curing time (3-14 days). In
order to ensure the achievement of the higher strength levels, a binder
factor of 578 kg/m3 of natural soil and the mix design of Table 5.7 was
suggested for the jobsite.
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Table 5.7: Mixing parameters suggested for the
CSM panel production at Münster.
Parameter Penetration Withdrawal
Cement (kg) 425 1200
Water (l) 845 600
Bentonite (kg) 30 0
w/c 2.0 0.5
w/b 28.17 −
The panels were 2.2 m wide, 0.55 m thick, and 12 m long, and each
of them was equipped with two U steel beams having the same length.
They were built according to the two-phase system and the fresh-in-fresh
procedure.
Despite the preliminary suitability tests, a high strength between 12
and 20 MPa was observed at 28 curing days. It should be pointed out that
these strength values were not required from design specification and
much higher than those measured in the laboratory.
These surprising values were attributed to a sort of soil substitution
caused by the slurry injection, which resulted in exceptional spoil vol-
umes produced at the site and approximately equivalent to 210% of the
theoretical panel volume.
5.10 antioch (ca – usa)
The $31M Mokelumne River to Mokelumne Aqueducts section of the Fol-
som South Canal water diversion project included a 130 m long, 2.9 m
diameter microtunnel drive under the Mokelumne River, in the city of
Antioch (CA – USA). Due to high groundwater and difficult geology, the
project owner had specified that the access shafts for the micro-tunnel
had to be realized using a method ensuring continuous shoring prior to
excavation.
A cost analysis showed that the secant pile method of shoring in the
expected ground conditions would cost about 30% more than the CSM
technique, provided that the CSM panels could be productively excavated
into the bedrock at the site.
An additional advantage of the CSM technology was that the break-
in/break-out areas for the tunnelling could be soil mixed outside of the
shafts, thereby eliminating the jet grouting that would have been nec-
essary for the secant pile shoring. The soil mix having a compressive
strength of less than 7.0 MPa was also be easier to tunnel through than
hard rock concrete filled secant piles.
Based on the associated costs and schedule saving, the CSM method of
shaft shoring was selected.
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(a) Plan view (b) Section view
Figure 5.13: North Shaft in Antioch.
The CSM method consisted of arranging rectangular soil mix panels in
an overlapping manner to obtain an inside diameter circle of 7.3 m. Each
panel was 0.6 m wide by 2.4 m long. The installation of the sending and
receiving shafts took place in Summer and Fall 2007.
The two access shafts were planned respectively on the north and on
the south of the river in accordance with the design sketches reported in
Figures 5.13 and 5.14.
The North Shaft, to be used as the sending shaft, was created in the
field 6.7 m north of the 67 m wide, 4.6 m deep Mokelumne River. The
South Shaft was constructed in a flood plain about 18.3 m away from
the south edge of the river at normal water levels (Gerressen and Mainer,
2008).
5.10.1 Geotechnical characterization
Subsurface conditions at the North riverbank were composed of 4.6 m
of medium stiff to very stiff clay (ML-CL) overlying 3 m of dense sand
followed by 8.2 m of very dense, cemented sands. Beneath this layer and
extending to below the depth of the CSM panels, a layer of conglomerate
having an average compressive strength over 14 MPa was present. Sig-
nificant geotechnical properties of these types of soils were investigated
through laboratory tests, whose results are presented in Table 5.8.
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(a) Plan view (b) Section view
Figure 5.14: South Shaft in Antioch.
The water-table at the North Shaft was located at a depth of about 4.6 m
and the design groundwater depth was assumed at 3 m from the ground
level.
The 100 year flood level for which the South Shaft was required to be
designed was 1.2 m above the flood plain at the shaft location. Subsurface
conditions in this area consisted of 7.6 m of cobbles, sand and gravel lying
over a conglomerated soil having an average compressive strength higher
than 14 MPa. Groundwater was detected at a depth of about 0.4 m.
Table 5.8: Main geotechnical properties of the soils encountered in Anti-
och.
Type of soil FC (%) wn(%) γsat (kN/m3) UCS (kPa)
Cohesive soil n.d. 15 18.4 373
Clean sand 4 26 18.4 n.d.
Sandstone 15 26 17.8 4847
Conglomerates n.d. n.d. 17.0 8053
n.d. = not determined.
5.11 bologna (italy) 239
5.10.2 Mix design and production data
CSM panel construction began at the North Shaft in October 2007. Due to
the depth of the panels and to the slow penetration rates in the bedrock,
the two-phase system was used. The target panel strength was 2.8 MPa,
although a much lower panel strength would have been tolerable because
of the planned beams and internal retaining steel ring.
To achieve the desired strength, the initial penetration mix used was a
4% bentonite mix with about 683 l of suspension per linear metre of panel.
The withdrawal slurry was initially devised to install 350 kg of cement
per cubic metre of mixed material at a w/c of 0.8. The 4% bentonite mix
proved to be too thick and the downstroke mixture was modified to 2%
bentonite. Based on 7-day unconfined compression test results, the last
three of the 16 panels at this shaft were mixed with 385 kg of cement per
cubic metre at a w/c ratio of 0.6.
Panel installation started at the South Shaft at the end of October 2007
and proceeded in a similar manner as the North Shaft. Due to the pres-
ence of relatively clean cobbles and gravel in the first 7.6 m, a 4% bentonite
mix was used at top of the downward phase and then leaned up to a 2%
mix once into the bedrock. The retrieval phase used 385 kg of cement per
cubic metre at a w/c ratio of 0.6.
The unconfined compressive strength values from samples collected at
the North Shaft were relatively widely scattered, with a 28-day strength
ranging from 760 kPa to 4.2 MPa and an average of 2.0 MPa. This wide
scatter was assumed to be primarily due to the relatively small size of
the moulding cylinders used for casting the samples (d = 7.6 cm and
l/d = 2), which caused any inclusion within them to have a large effect
on the measured compressive strength.
In general, the inclusions, prevalently consisting of unmixed soil, were
limited to about 2.5 cm in diameter. This size, not certainly affecting the
strength of a 60 cm panel, did negatively influence the performance of the
7.6 cm in diameter specimens. Therefore, the average UCS of the in place
structures could reasonably be supposed slightly exceeding the average
strength estimated from the tested cylinders.
The unconfined compressive strength values for the wet-grab samples
taken from the South Shaft were stronger than those at the North Shaft,
but exhibited similar scatter, with 28 day UCS values ranging from 1.0
MPa to 4.2 MPa and an average of 2.5 MPa. The increased strength at
the South Shaft was attributed to the use of a lower w/c since the be-
ginning of the production and to the lower fine content present in the
predominantly sandy and gravelly subsoil.
5.11 bologna (italy)
The Cutter Soil Mixing method was considered the most suitable way
for the accomplishment of one of the largest CSM projects ever realized
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Figure 5.15: Cross-section and functional layout of the new High Speed Railway
Station of Bologna.
for ground improvement purposes: it was part of the new main train
station in the centre of Bologna (Italy) that was expressly designed to
accommodate High Speed (HS) rail lines. A representative cross-section
of the station is depicted in Figure 5.15.
The underground structure of the new HS train station is founded at a
depth of approximately 23 m from the ground level and it is 640 m long
and 56 m wide (Figure 5.19a). Prior to executing the excavation retaining
structure, composed of traditional diaphragm walls extended to a depth
of 23 m, it was necessary to stabilize the soft clayey soil in the area in
order to prevent settings of the buildings and of the old main station
located nearby.
More than 50
.
000 m2 of CSM panels were built during Fall 2008. In
addition, several trials were performed at the site to determine the best
procedure and bonding slurry to be used.
5.11.1 Geotechnical characterization
A comprehensive geotechnical investigation was carried out during the
preliminary design activities to describe hydraulically and mechanically
the natural deposits in the jobsite area. The subsoil condition varied sig-
nificantly, since it had originated from the expansion towards the plain of
alluvial river fans and Apennines streams (Ciufegni et al., 2012).
Many laboratory tests were conducted on soil samples retrieved from
the in-situ boreholes, such as granulometry tests (Figure 5.16), soil clas-
sification by means of the Casagrande plasticity chart (Figure 5.17), unit
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Figure 5.16: Grain size distribution curves obtained from soil samples collected
at Bologna.
Figure 5.17: Soil classification according to the Casagrande plasticity chart –
Bologna.
weight and natural water content evaluation tests, triaxial tests, perme-
ability tests.
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Figure 5.18: Geotechnical investigation results obtained from laboratory and in
situ tests performed at the site of Bologna.
Moreover, two CPTU tests were executed on the site and the corre-
sponding profiles are sketched in Figure 5.18.
From these experimental outcomes, the subsoil was regarded as mainly
composed of inorganic silty clay or clayey silt (CL-CH) with local, lentic-
ular, sometimes thick, laminations of fine to coarse granular sediments.
Fine grained soils were characterized by medium to high plasticity with
natural water contents approaching the plastic limit. The clayey fraction
varied from 23% to 47%, while the sand fraction was between 0% and
28%.
CPTU profiles reported in Figure 5.18 showed a slight increasing trend
of tip resistance, especially at higher depths. Excess pore pressure gener-
ated during undrained penetration oscillated very rapidly but remained
always positive, thus confirming a slight overconsolidation.
Stiffness and overconsolidation ratio were estimated from several con-
fined compression tests. For some specimens it was also possible to mea-
sure the vertical hydraulic permeability, ranging between 1.04 · 10−10 m/s
and 7.39 · 10−10 m/s.
The undrained shear strength evaluated by means of triaxial undrained
compression tests was found to increase with depth, namely it ranged
from 40 kPa between the ground level and 10 m, to 75 kPa between 10 m
and 21 m, and to more than 100 kPa at higher depths.
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(a) (b)
Figure 5.19: Construction site of Bologna: (a) site overview; (b) panel production.
5.11.2 Mix design and production data
Two CSM cutters (Figure 5.19b) were used for the construction of the
23 m deep, 2.4-2.8 m wide, and 0.8 m thick CSM panels. Because of the
significant final depth and the time necessary for the production of a
single panel (about 4 h), the selected procedure was the two-phase system,
in which a bentonite suspension was used during the penetration of the
mixing head to loosen and liquefy the soil.
Once the final design depth was achieved and throughout the whole
retrieval phase of the mixing head, a cement slurry (CEM IV A was used)
was injected and blended with the soil. The construction sequence was
carried out according to the back-step procedure and the fresh-in-hard
method, in which secondary panels were installed in the soil between
two already hardened primary panels with an overcut of about 23.5 cm.
To calibrate the mix design and mixing process, several suitability trials
were conducted at the site. In the course of these experimental field tests,
CSM panels were produced using the two-phase system injecting into the
ground a cement slurry prepared with a w/c ranging from 0.6 to 0.7 and
setting the binder factor α between 300 and 500 kg/m3 of natural soil.
Generally, large volumes of spoil material occurred, ranging from 85%
to 95% of the theoretical treated volume during downstroke and between
85% and 95% during upstroke, as shown in Figure 5.20. This could pre-
sumably be due to both the difficulty in obtaining a homogeneous slurry-
soil mixture (that caused an overconsumption of both bentonite suspen-
sion and cement slurry) and to the low hydraulic conductivity of the
natural soil, that prevented permeation in the surrounding layers.
Many samples were cored at different curing times (comprised between
12 and 43 days) from the hardened panels for QC/QA procedures.
Further cubic samples were extracted from an exposed panel at a depth
of approximately 8-12 m below the ground surface at more than two years
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Figure 5.20: Spoil volumes estimated at the site of Bologna during preliminary
field trials.
after its installation. From this material, additional specimens have been
cored and tested for hydro-mechanical, microstructural and mineralog-
ical characterization. The results of this activity will be presented and
discussed in detail in the next chapter.
5.12 brentwood (ca – usa)
For the Victoria Island conveyance canal pipeline near Brentwood (CA -
USA), two access shafts were constructed for micro-tunnelling a 2.45 m
diameter pipe under the old river.
The access shafts were composed of overlapping CSM panels having a
cross-section of 2.8 x 1.0 m2 for the jacking shaft (JS) and of 2.4 x 0.76 m2
for the receiving shaft (RS).
The CSM panels provided shoring during excavation and also worked
as a cut-off wall to prevent water from entering the shaft. Excavation
continued in the dry despite being 18.3 m below the water-table.
5.12.1 Geotechnical characterization
Several boreholes and a SPT test were executed at the site. The results
determined from the SPT test are shown in Figure 5.21.
The outcomes of this geotechnical investigation showed that the subsoil
was prevalently formed by silty clay characterized by an undrained shear
strength increasing from 50 kPa at shallow depths to more than 100 kPa
at deeper depths. At about 23 m below the ground level, a 4 m thick
clayey sand layer was encountered. Finally, an underlying very stiff lean
clay layer was detected.
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Figure 5.21: SPT values measured at the site of Brentwood.
5.12.2 Mix design and production data
CSM panels of cross-section of 2.8 x 1.0 m2 for the receiving shaft were
mixed to a depth of 17.7 m and the shaft was later excavated to a depth of
15.2 m. Panels for the jacking shaft (Figure 5.22b) were mixed to a depth
of 31.4 m and the shaft was afterwards excavated to a depth of 29 m.
A preliminary field trial was realized at the site (Figure 5.22a). Besides
a calibration panel, eight overlapping panels with a cross-section of 2.4
x 0.6 m2 were built using different mix designs. A further isolated panel
having a slight greater size (2.4 x 0.76 m2) was created to confirm the
effective feasibility of the method.
Because of the elevated depths to reach, the two-phase system and the
back-step fresh-in-hard method were selected. The cement used was a
CEM II. According to the initial mix design, a bentonite suspension (40
kg/m3 of water) should have to be pumped into the ground during the
penetration phase in order to achieve an adequate liquefaction of the nat-
ural soil. However, trial tests showed that good results could also be ob-
tained using only water as liquefying agent.
The mix design adopted for the cement slurry throughout the with-
drawal phase was denoted by cement and water contents of about 1100
kg and 650 l, respectively, giving a w/c ≈ 0.6. Different amounts of slurry,
ranging between 450 and 940 l per linear metre of panel, were injected in
the subsoil for the construction of the trial elements. Theoretically, these
quantities corresponded to the introduction of approximately 350 - 700
kg of cement per cubic metre of natural soil.
The definitive panels belonging to the two shafts were produced in-
troducing into the ground an amount of cement equivalent to about 500
kg/m3 of virgin soil.
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(a) Field Trial (b) Jacking Shaft
Figure 5.22: Plan views of the field trial and of the jacking shaft constructed in
Brentwood.
Many cores (d = 7.5 cm and l/d = 2) and wet-grab samples were
collected at the site from each shaft and were tests at different curing
days for unconfined compressive strength. The results are reported in
Figure 5.23, where both the dependences of UCS from cement factor, α
(Figure 5.23a), and curing time, tcur (Figure 5.23b), are represented.
In general, the higher the cement factor and curing time, the higher the
strength was. This finding well agrees with the typical trends found in
the literature. Moreover, from both figures it is possible to observe that
higher strengths were measured from wet-grab samples. This can be due
to the effect of different curing conditions existing between laboratory
and field environments. It is further noticeable that higher strengths were
determined from the wet-grab samples retrieved from the receiving shaft.
This should be attributed to local variations in the stratigraphic profile.
5.13 brugge (belgium)
In the centre of the city of Brugge (Belgium), a CSM cut-off/retaining
wall was constructed during April 2008 to support an excavation realized
for foundational purposes. The diaphragm wall was 120 m long and 8.5
m deep and was built after a preliminary excavation up to 2.65 m below
the ground level.
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(a)
(b)
Figure 5.23: Comparison between UCS values obtained from cores and wet-grab
samples collected at the site of Brentwood: (a) UCS – α relationship;
(b) strength evolution with increasing curing time.
5.13.1 Geotechnical characterization
Three in-situ CPT tests were performed at the site and their correspond-
ing profiles are shown in Figure 5.24. In accordance with these experi-
mental data, the subsoil was subdivided in four main layers:
0.0 - 2.5 m: fillings;
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Figure 5.24: CPT profiles obtained at the site of Brugge.
Table 5.9: Mix design parameters sug-
gested for the CSM panel pro-
duction at Brugge.
Parameter One-phase
Cement (CEM I) (kg) 750
Water (l) 750
w/c 1.0
2.5 - 5.0 m: clayey silt and silty clay;
5.0 - 10.0 m: mixture of clayey sands with the presence of a thin peat
layer around 8.0 m below the ground surface;
10.0 - 14.0 m: predominately clay layer.
The groundwater-table was encountered at approximately 4.3 m from
the ground level.
5.13.2 Mix design and production data
The 8.5 m long, 2.4 wide, and 0.55 m thick CSM panels were created
following the one-phase system and the back-step fresh-in-hard proce-
dure with an overcut of 30 cm. The cement used was a CEM I 52.5R. The
mixing parameters adopted for production are reported in Table 5.9.
A default value of 520 l per linear metre of panel was initially set to
introduce a theoretical cement amount of 300 kg/m3 of natural soil.
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In each panel two HEB steel beams were inserted just after its comple-
tion.
Several cores were collected from nine definitive panels installed at
the site. Furthermore, a small volume of spoil material from one panel
was sealed in watertight tins and cured in an environmental controlled
conditions (at a temperature of 22◦C and a relative humidity of 98%) for
28 curing days before testing.
Samples were subjected to laboratory tests for the determination of the
elastic modulus at 30% of the failure load and for unconfined compressive
strength. They had generally a diameter of 9.4 cm and an aspect ratio
variable between 1 (unconfined compression tests) and 2 (tests for the
measurement of the elastic modulus).
The measured unconfined compressive strengths were comprised be-
tween 2.33 MPa and 9.56 MPa, with the lower values observed in sam-
ples containing inclusions larger than 1.5 cm. These anomalous values
were not considered representative of the real mechanical response of the
mixed material and were, therefore, neglected. An average strength of 6.1
MPa and a standard deviation of 1.6 MPa were calculated. The histogram
associated with the UCS distribution is shown in Figure 5.25a.
Despite the strong transition from clayey to sandy soil along depth, no
notable variations in strength for samples taken at different levels were
recognized.
The strength of the wet-grab spoil samples was found to range from 5.3
to 6.0 MPa, i.e. higher than that relative to the shallower part of the panel
and lower than that corresponding to the deeper one.
The histogram of the 13 elastic moduli deduced from the mixed sam-
ples is presented in Figure 5.25b. The obtained Es,30 values were com-
prised between 2.4 GPa and 10.4 GPa. In particular, two values were af-
fected by the presence of inhomogeneities in the specimens. Disregarding
these data, the average elastic modulus was equal to 5.2 GPa with a stan-
dard deviation of 2.1 GPa.
5.14 kopstal (luxemburg)
Between August and September 2008, two CSM retaining walls were built
in Kopstal (Luxenburg) as a part of the improvement project of a sewage
plant. The walls were composed of panels having a cross-section of 2.4 x
0.55 m2 and were, respectively, 8.0 to 8.7 m deep in the first area and 6.0
m deep in the second one.
5.14.1 Geotechnical characterization
Many boreholes were carried out at the site and several soil samples were
collected from them and subjected to laboratory tests. In addition, in-situ
dynamic penetration tests were also conducted.
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(a) (b)
Figure 5.25: Frequency histogram of (a) unconfined compressive strength values
and (b) elastic modulus at 30% of the failure load obtained from lab-
oratory tests on samples collected from the CSM panels constructed
at the site of Brugge.
The elaboration of all the experimental data allowed to define the fol-
lowing stratigraphy:
0.0 - 0.8/1.4 m: sandy and silty fillings, sandy silt, remains of the pre-
vious surface layer and blast-furnace slag in a loosen or
moderately compacted state (L1).
0.8/1.4 - 3.4/4.7 m: silty to very silty sand (L2) interleaved with sandy
silt (L3) and silty clay (L4) layers and, locally, with inclu-
sion of organic matter and sandstone. These deposits were
generally of medium density and elevated consistency.
3.4/4.7 - 5.5/6.7 m: weathered sandstone with sandy and silty gravel.
> 5.5/6.7 m: very weathered marl, with a consistency associable to that
of a soft rock (L5).
Typical geotechnical properties and in situ measurements are reported
for each of the previous layers in Table 5.10.
The transition from a soil layer to another was detected to be variable
according to the location of the inspection point. It is also worth noticing
that the site was characterized by an irregular topographic surface, with a
maximum difference in elevation of nearly 5 m. The water-table level was,
on average, between 2.2 - 2.6 m, but, due to the occurrence of capillary
phenomena, it could rise up to a depth of 2.0 m. Consequently, the natural
water content was found to vary between 17.6% and 29.5% depending on
whether the sample was taken below or above the water-table.
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Table 5.10: Geotechnical properties obtained at the jobsite of Kop-
stal.
Soil layer
γt N10 c′ φ′
(kN/m3) (-) (kPa) (◦)
L1: fillings 19.5 < 7 5.0 27.5
L2: silty sands 15.5-20.0 12-30 7.5-10.0 27.5
L3: sandy silt 20.0-20.5 12-30 7.5-10.0 27.5
L4: silty clay 20.0 12-30 7.5-15.0 25.0
L5: weathered marl 22.0 > 70 15.0-20.0 25.0
 N10 = 20-120 for stones and slag; N10 ≥ 30 below watertable
During the construction of the first panel, however, a hard layer of 1.0
m thickness not individuated by preliminary ground investigations was
encountered.
5.14.2 Mix design and production data
For the production of the CSM panels the one-phase system and the fresh-
in-fresh method were initially suggested. Unfortunately, due to the diffi-
cult soil condition in the first area of the jobsite, the execution of the CSM
wall was changed to the two-phase system and the back-step fresh-in-
hard procedure.
Because of the clayey layers, it was possible to penetrate the soil with
only water. The overcut was between 20-23 cm on each side.
On the contrary, in the second area, the panels were created using the
initially proposed method, i.e the combined one-phase system / fresh-in-
hard procedure with an overcut between primary and secondary panels
of 30 cm.
The cement used in both cases was a special composite cement de-
signed expressly for ground improvement works.
To ensure the achievement of the strength level required by design spec-
ifications (3 MPa), it was necessary to place 400 kg of cement per cubic
metre of treated soil. This requirement was fulfilled by introducing into
the subsoil an amount of 550 l and 415 l of cement slurry per linear me-
tre of primary and secondary panel, respectively. The composition of the
cement slurry adopted is shown in Table 5.11.
Steel beams (two U400) were inserted in the wall to the final depth
every 2.2 m in the high load area and every 3.3 m in the area characterized
by the lower stresses.
CSM wet-grab samples were collected from panels built in both areas
and tested for unconfined compressive strength. UCS was between 1.63
and 2.74 MPa in the first area, whereas between 1.24 and 1.71 MPa in the
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Table 5.11: Mix design parameters used for pro-
duction at Kopstal.
Parameter One / Two-phase system
Cement (kg) 965
Water (l) 680
w/c 0.7
 Withdrawal phase in the two-phase system.
second area. It appears, therefore, that the two-phase system provided
better results than the one-phase system, mainly due to the longer mixing
time taken during production using the former procedure.
The over consumption was limited to less than 10%.
5.15 culver city (ca – usa)
The CSM technique was used to produce five small shafts to be later
excavated and filled with concrete between August and October 2009. The
result consisted of five piles with a diameter of about 4.5 m for the Expo
Light Rail Line in Los Angeles (CA – USA). Each shaft was composed of
eight CSM panels up to a depth of 34.6 m.
5.15.1 Geotechnical characterization
Two boreholes and one CPT test were performed at the site. The CPT
profile is presented in Figure 5.26.
The subsoil was prevalently dominated by silty and clayey fractions.
A first layer of silty clay of medium consistency was found up to 7.5 m.
From 7.5 m to 10.5 m the soil consisted of a medium dense mixture of silty
sand overlying 5.0 m of very consistent clayey silt, gradually becoming
even more stiff and consistent with depth.
5.15.2 Mix design and production data
The CSM panels belonging to each shaft were rectangular elements of
cross-section area equal to 2.8 x 1.0 m2 mixed up to a depth of 34.6 m.
Due to the depth and the presence of stiff soils, the two-phase system
and the back-step fresh-in-hard procedure were used.
Since an unconfined compressive strength between 2.76 MPa and 3.45
MPa was required, about 300 kg of cement (CEM II) per cubic metre of
natural soil was needed to be placed in the ground. The injected cement
slurry had a w/c = 0.6.
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Figure 5.26: CPT profile obtained at the site of Culver City.
The penetration phase was accomplished using water as fluidization
suspension (up to 1800 l/m), whereas a cement slurry (about 780 l/m)
was introduced during the withdrawal of the cutter unit.
Unconfined compression tests carried out on wet-grab stabilized soil
samples collected from one panel installed at the site showed a UCS after
5 curing days of 1.93-2.76 MPa, which was considered in agreement with
the design reference values at 28 curing days (2.76 - 3.45 MPa).
5.16 dudelange (luxenburg)
A retaining wall to provide a location for a rail spillway basin was con-
structed in Dudelange (Luxenburg) between April and June 2009.
5.16.1 Geotechnical characterization
Four boreholes and four medium dynamic penetration tests were exe-
cuted at the site. The results obtained are shown in Figure 5.27 and
clearly allowed the individuation of four layers according to the following
geotechnical profile:
0.0 - 0.5 m: surface soil.
0.5 - 3.5 m: fine grained quaternary deposits of stiff-semisolid consis-
tency, mainly composed of medium plasticity clay having
wn = 20%. Traces of organic matter were detected in this
layer.
3.5 - 6.5 m: heterogeneous deposits consisting of mixtures of gravel
with sand and fines of medium density and wn = 9.9-
14.1%.
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Figure 5.27: Results of the DPM tests conducted at the site of Dudelange.
6.5 - 9.9 m: weathered claystone of rigid/semisolid consistency, over-
lying compact rock.
The water-table was found variable between 2.6 and 2.8 m below the
ground level.
5.16.2 Mix design and production data
The CSM wall panels installed at the site were 2.4 m wide, 0.55 m thick,
and 8.6 m long and were constructed using the one-phase system and the
back-step fresh-in-hard procedure, with an overcut of 20-23 cm on each
side of primary panels.
HE steel beams were placed in the fresh mixture after the completion
of each element.
The cement used was a special cement designed for ground improve-
ment works. It was mixed with water at a w/c = 0.8 to form the cement
slurry necessary for production.
Suitability tests were performed in the laboratory before the field activ-
ity. Several samples were thus prepared by blending predefined amounts
of soil taken from the site with the planned cement slurry. At specific
curing times, these mixed specimens were subjected to unconfined com-
pression tests, whose results are reported in Table 5.12
5.17 san giorgio di nogaro (italy)
An environmental remediation of a contaminated site in the city of S.
Giorgio di Nogaro (Italy) was planned for Spring 2010. In particular, a
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Table 5.12: Suitability test results obtained from laboratory
prepared samples – Dudelange.
Age UCS (MPa)
(days) Gravel Silt
50% Gravel -
50% Silt
4 0.25 0.24 0.20 0.21 0.18 0.23
7 0.33 0.34 0.17 0.17 0.23 0.25
14 2.19
17 1.30 2.70
CSM cut-off wall was constructed up to a depth of 8.5 m along the 740 m
long perimeter of the polluted area.
Design specifications required a final hydraulic conductivity lower than
10−9 m/s.
5.17.1 Geotechnical characterization
A number of 13 boreholes were driven in the site up to 12 m below the
ground level. Furthermore, several hydraulic conductivity tests, such as
oedometric tests and variable load tests, were performed on the sampled
material collected at several depths from the boreholes.
The surface layer essentially consisted of an embankment with a some-
what planar surface ranging from +1 and +6 m above sea level. Below
these fillings, the geotechnical profile was characterized by an alternating
sequence of cohesive and granular layers, as shown in Figure 5.28.
Unfortunately, only hydraulic test results are available (Table 5.13), so
no mechanical and physical soil properties can be provided.
In the subsoil two artesian aquifers were detected. They were located at
different depths from the ground level and were termed "surface aquifer"
(placed at depths < 10 m) and "first aquifer" (contained in the sandy
layers at depths deeper than 12 m).
5.17.2 Mix design and production data
A field trial was carried out before the start of the cut-wall construction.
Three panels having a cross-section area of 2.4 x 0.55 m2 were produced
up to 7.5 m using the one-phase system and the back-step fresh-in-hard
procedure. The cement used was a pozzolanic cement (CEM IV) mixed
with water at a w/c = 0.6. The amount of cement to be introduced into
the ground were, respectively, 300, 350, and 390 kg/m3 of natural soil.
From each panel, fresh samples (d = 9.5 cm and l/d = 2) of the
prepared slurry from the mixing plant, spoil material from the trench,
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(a) (b)
Figure 5.28: Isometric view of the geotechnical profile deduced from the ground
investigation at the jobsite of S. Giorgio di Nogaro.
Legend:
fillings;
gravel and sand;
sand;
silty sand;
sandy silt;
silt;
clayey silt;
mixtures of silty and sandy clay;
silty clay.
and wet-grab soil-binder mixture from a depth of about 4.5 m were col-
lected and cured in the laboratory. After predefined curing days, they
were tested for unconfined compressive strength and permeability. The
results are reported in Table 5.14.
On the basis of the outcomes of the field trial, it was decided to use a
w/c = 0.75 and to place about 400 kg/m3 into the subsoil. Nevertheless,
Table 5.13: Hydraulic conductivity test results – S. Giorgio
di Nogaro.
Soil layer Permeability (m/s)
Shallow silts and clays 2.73 · 10−9 - 3.18 · 10−10∗
Sands and Gravels 1.06 · 10−3 - 2.41 · 10−5
Deep silts and clays 2.43 · 10−9 - 3.50 · 10−10
∗Oedometric tests. A permeability value of 1.38 · 10−7 m/s
was measured by means of a variable load test.
 Variable load tests.
 Oedometric tests.
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Table 5.14: Laboratory test results obtained from samples collected from the trial
panels produced at the site of S. Giorgio di Nogaro.
Panel
Mixing plant Spoil Wet-grab
k∗ UCS k∗ UCS k∗ UCS
(m/s) (MPa) (m/s) (MPa) (m/s) (MPa)
Trial 1 7.58 · 10−9 7.17 4.08 · 10−9 1.57 7.95 · 10−9 0.95
Trial 2 9.99 · 10−10 5.12 2.12 · 10−9 2.19
Trial 3 1.32 · 10−9 4.57 1.08 · 10−9 4.36
∗ Values obtained at 56 curing days using a flexible wall permeameter: lateral
confinement σc = 145 kPa, back-pressure BP = 200, and hydraulic gradient i ≈ 5.
 Values obtained at 31 curing days.
during production, this mix designed appeared too thick and, thereby, the
water-to-cement ratio of the slurry was further increased to 1.0, modifying
the corresponding flow rate to maintain the same cement factor.
Spoil and wet-grab samples were also taken from some definitive pan-
els and tested for permeability and unconfined compressive strength. The
experimental results are shown in Table 5.15.
The final permeability values confirmed the effectiveness of the stabi-
lization/solidification treatment in satisfying the design requirement. It
is worth noticing that strengths measured in the definitive panels were
lower than that of panel "Trial 3", although the same cement factor was
adopted. This could be due to the different w/c used, probably increas-
ing the back-flow, and to the different subsoil conditions. The latter, in
particular, is expected to greatly influence the achieved strength levels
observed.
Table 5.15: Laboratory test results obtained from samples collected from defini-
tive wall panels produced at the site of S. Giorgio di Nogaro.
Panel
Age w/c
Spoil Wet-grab
k UCS k UCS
(days) (-) (m/s) (MPa) (m/s) (MPa)
Panel 20 59/70∗ 0.75 1.40 · 10−9 1.84 1.67 · 10−9 1.27
Panel 149 38/67∗ 1.00 6.14 · 10−10 2.40 1.27 · 10−9 2.39
Panel 224 79 1.00 1.19 · 10−9 1.59 3.05 · 10−9 1.77
Panel 296 71 1.00 9.12 · 10−10 4.12 6.81 · 10−10 1.57
∗ The first value is referred to unconfined compression tests, the second to
permeability tests.
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Figure 5.29: Ranges of SPT values measured for granular layers at the site of
Lido di Venezia.
Water content measurements were also conducted on some of the sam-
ples retrieved from "Panel 149" and were found to range between 32.5
and 36.9%.
5.18 lido di venezia (italy)
A reinforced CSM wall was necessary to produce a cut-off/retaining wall
to support the subsequent excavation for the foundation structure of the
new Cinema Palace of Lido di Venezia (Italy). The CSM wall was con-
structed during Fall 2009.
5.18.1 Geotechnical characterization
Only a rough subsoil profile and several SPT tests, whose results are rep-
resented in Figure 5.29, were available for the geotechnical characteriza-
tion of the site.
The following stratigraphy was considered representative of the actual
subsoil conditions:
0.0 - 5.5 m: prevalently sandy filling material, with pieces of stone
and gravel (maximum size of 13 cm);
5.5 - 7.5 m: dense sand (NSPT = 15-40);
7.5 - 11.0 m: medium to low plasticity inorganic clay with a low to
medium consistency;
11.0 - 13.0 m: medium dense fine to medium sandy silt (NSPT = 25-
35);
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13.0 - 17.0 m: medium plasticity clay of medium consistency;
17.0 - 22.0 m: dense medium to fine, locally slightly silty, sands (NSPT =
10-40).
A further in-situ Lefranc test was performed at a depth of about 15 m
below the ground level and showed permeabilities ranging from 8 · 10−6-
2 · 10−5 m/s
The water-table was encountered at about 4.5 m from the surface.
5.18.2 Mix design and production data
A field trial was conducted before the beginning of the actual jobsite ac-
tivity. Four panels were built using the same mix design but different
cement factors, as shown in Table 5.16. Three of them were driven up to
8.5 m, whereas the forth was mixed up to 18.5 m, i.e. the final design
depth planned for the wall. All trial panels were 2.8 m wide and 0.65 m
thick and were installed according to the two-phase system. The cement
utilized was a pozzolanic cement CEM IV/A-P 32.5R.
Design specifications required a minimum strength of 5 MPa and per-
meability values of the order of magnitude of 10−9 m/s. Therefore, to
ensure the achievement of such values, wet-grab samples were collected
at different depths from the trial panels just after their completion and
tested for hydraulic conductivity and unconfined compressive strength.
In particular, unconfined compression tests were carried out on cubic
specimens of side of approximately 15 cm. The outcomes of these tests
are reported in Table 5.17.
According to Table 5.17, average strength and permeability values ob-
tained from panel "TP4" were considered adequate to the design require-
ments, because of the general short curing time at which tests were per-
formed. For this reason, the mixing parameters used for the installation
of panel "TP4" were also used for the CSM wall production. In this case,
Table 5.16: Mix design parameters used for the production of the
trial panels at the site of Lido di Venezia.
Panel
Penetration Withdrawal
w/b Suspens. w/c w/b Slurry Cement
(-) volume (-) (-) volume factor, α
(l/m) (l/m) (kg/m3)
TP1 12.0 1100 0.6 21.7 500 300
TP2 12.0 1100 0.6 21.7 590 350
TP3 12.0 1100 0.6 21.7 670 400
TP4 12.0 1100 0.6 21.7 750 450
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Table 5.17: Strength and permeability results from the wet-grab sam-
ple collected from trial panels – Lido di Venezia.
Panel
Depth Age w UCSav CVUCS kav
(m) (days) (%) (MPa) (%) (m/s)
TP1 4.0 16∗ 53.9 2.97 - -
TP2 4.0 16∗ 48.0 2.10 - -
TP3
4.0 24-30 49.4 1.62 - 1.08 · 10−8
7.0 30 46.1 1.56 - -
TP4
6.0 15-33 48.8 3.77 21.4 1.19 · 10−8
12.0 1100 48.9 4.18 8.50 -
∗Accelerated curing under environmental controlled conditions:
T = 30◦C and RH = 100%.
the back-step fresh-in-hard procedure with an overlap between primary
and secondary panels of about 20 cm was selected.
Each definitive panel was reinforced four HE 500 steel beams (Fig-
ure 5.30a) and restraint to the surrounding subsoil layers by a single level
of 38 m tie-back anchors.
Samples retrieved from a definitive panel at a depth of 5.5 m showed
after 40 curing days an average UCS value of 5.8 MPa (CV = 13.0%) and
an average permeability of 1.81 · 10−9 m/s, in agreement with the design
specifications.
(a) (b)
Figure 5.30: Important aspects related to the construction of CSM panels: (a) in-
stallation of the reinforcement; (b) disposal of the spoil material in
adequate storage basins – Lido di Venezia.
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Spoil material was quite abundant at the site, of the order of 80-90% of
the panel volume. It was removed from the guide trench by an excavator
and stored in adequate storage basins for several days (Figure 5.30b) until
it was sufficiently hardened to be easily transported to a disposal site.
5.19 zandvoort (the netherlands)
CSM was recently used to create a reinforced retaining wall for the con-
struction of an underground park floor of a new building in the city of
Zandvoort, a small village next to the Dutch North Sea coast at about 30
km West of Amsterdam (The Netherlands).
The jobsite was visited between 17 and 19 May 2011. The aim of this
visit was to evaluate the effect of mixing parameters, in particular the
degree of mixing and the mixing energy, on the overall hydraulic and
mechanical response of CSM treated soil panels.
To this purpose, six panels were produced by slightly changing the
withdrawal speed during the last 6 m and, accordingly, the corresponding
injection flow rate, in order to introduce approximately the same cement
content per cubic metre of natural soil.
5.19.1 Geotechnical characterization
Preliminary geotechnical ground investigations were performed and con-
sisted in several in-situ CPT tests, granulometry tests, direct shear tests,
and test for the determination of the natural water content. The CPT pro-
files obtained are proposed in Figure 5.31, whereas the grain size distri-
bution curve was presented in Figure 5.32.
These figures show the prevalence of a medium to fine sand deposit,
generally of medium density. A denser layer was detected between 3.0/3.5
m and 9.0 m below the ground surface. The water-table was encountered
at a depth of around 2.2 m from the ground level.
Several remoulded sand samples were taken at a depth of about 2.0
m and shortly after sealed into watertight tins in order to prevent possi-
ble changes of the natural water content. Figure 5.33 depicts the results
measured from direct shear tests which allowed to derive the peak fric-
tion angle, φ′p, and the constant volume friction angle, φ′cv, of the sand.
Finally, the water content of the virgin soil was determined in accordance
with ASTM Standard D2216 (2010). Strength parameters along with other
significant geotechnical properties are listed in Table 5.18.
5.19.2 Mix design and production data
For the construction of the six CSM panels (2.4 x 0.55 m2 sectional area
and 11.5 m deep) the one-phase system and the "running" fresh-in-fresh
procedure (a new panel was created contiguously to the previous one still
in the fresh state) with an overcut of 20 cm were selected. The production
262 case histories
Figure 5.31: CPT profiles obtained at the jobsite of Zandvoort.
Figure 5.32: Grain size distribution of the Zandvoort sand.
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Table 5.18: Main properties of the Zandvoort
sand.
Property Sand at −2.0 m
D50 0.20 mm
D10 0.12 mm
Uniformity Coefficient 1.83
φ′p 40◦
φ′cv 35◦
wn 12%
γd 14.95 kN/m3
of each panel took approximately 75-90 minutes. Compressed air was also
adopted during the installation in order to avoid segregation of the sand
particles at the bottom of the trench (Figure 5.34b).
The binding slurry was prepared using a special composite cement
(CEM V, in accordance with EN 197-1 2011) specifically produced for
ground improvement applications blended in a mixing plant at a w/c
(a) (b)
Figure 5.33: Outcomes of the direct shear tests performed on the Zandvoort
sand.
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Table 5.19: Mixing parameters referred to a depth interval comprised between 1.8
and 2.4 m from the ground surface obtained from data elaboration of
the production log-files recorded during panel construction at the site
of Zandvoort.
Panel P37∗ P38 P39 P40 P41 P44∗
Mixing time (s) 571 560 472 527 460 549
Flow rate (l/min) 136 116 146 121 157 121
Total slurry amount (m3) 0.727 0.618 0.609 0.584 0.663 0.604
Spec. slurry volume (l/m) 1212 1030 1015 974 1104 1007
Av. Rot. speed (#/min) 32 30 33 31 30 33
Last 6 m speed (cm/min) 74.1 61.2 91.6 76.4 74.8 77.4
Torque (kNm) 6.78 6.38 5.77 6.03 5.98 5.75
α (kg/m3) 578 491 530 509 577 509
w/c (-) 1.25 1.25 1.12 1.12 1.12 1.17
∗ Panel theoretically produced with the design withdrawal speed (100%).
 Panel theoretically produced with the "80%" of the design withdrawal speed during
the last 6 m of the extraction phase.
 Panel theoretically produced with the "120%" of the design withdrawal speed during
the last 6 m of the extraction phase.
between 1.12 and 1.25. The actual amount of cement introduced into the
ground ranged from 490 to 570 kg/m3 of natural soil.
As mentioned above, during the construction of the six monitored pan-
els about the last 6 m at their top were mixed by using different extraction
speeds. Three different values were tested, namely "100%" (normal de-
sign speed without changes), "80%", and "120%". The pumping rate was
adjusted to the modified extraction speed to inject nearly the same slurry
amount per cubic metre of mixed soil.
It must be pointed out that even if predefined values of retrieval speed
were set, an appreciable difference in speed occurred only for panels P38
and P39, as shown in Table 5.19. This table also contains other important
parameters measured throughout the mixing process. Such values are re-
ferred to a depth interval comprised between 1.8 and 2.4 m from the
ground surface, i.e. from where several wet-grab soil-binder mix samples
were taken. The mixture was poured into tins which were immediately af-
terwards sealed and transferred to the laboratory where they were cured
in environmental controlled conditions (T ≈ 25◦C and RH > 95%) until
the test date.
Two 8.5 m long IPE 220 steel beams were finally installed at the com-
pletion of each mixed element for structural purposes.
Using the same Zandvoort sand and the same cement utilized for panel
production at the site, several laboratory specimens were prepared accord-
ing to the mix design (w/c and α) corresponding to panel P40, in order
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(a) (b)
Figure 5.34: Construction site of Zandvoort: (a) jobsite overview; (b) detail show-
ing the injection of air during production.
to directly compare strength and permeability results derived from labo-
ratory and field samples. In addition, mineralogical and microstructural
analyses were carried out on both types of specimens.
The results of this investigation will be presented in detail in Chapter
7.

6L A B O R AT O RY I N V E S T I G AT I O N M E T H O D S
6.1 introduction
This chapter presents a series of laboratory tests used throughout the
research activity for the determination of the most important mechanical,
hydraulic, microstructural, and mineralogical properties characterizing
the CSM treated materials.
Special attention has been given to describe those techniques rarely
used in usual geotechnical investigation, such as X-ray powder diffrac-
tion (XRPD), mercury intrusion porosimetry (MIP), scanning electron mi-
croscopy (SEM), and X-ray micro-tomography (µ-CT). A more detailed
description of the testing apparatus, the specimen’s preparation, the re-
sults attainable, and the main advantages/disadvantages are provided
for these methods.
6.2 mechanical tests
Laboratory tests are generally performed on stabilized soil samples in
order to estimate the strength level achieved after treatment and to verify
the compliance with design specifications.
Mechanical tests, in particular unconfined compression tests (UCT), are
ordinarily included in typical QC/QA programs for DM constructions.
UCT are simple to execute and cheap and, for these reasons, are very
used both before (preliminary suitability tests) and after (QC/QA proce-
dures) the in-situ mixing process. Notwithstanding, they are not able to
reliably simulate the physics of the real system embedded in the subsoil
at the site. Furthermore, the difference in mixing, curing, and loading
conditions between laboratory prepared and field samples normally re-
sults in large discrepancies in the rate of strength increase obtained (cfr.
Sections 3.3 and 3.4).
To limit this effect, triaxial tests should be used in the laboratory (Åhn-
berg et al., 1989) and both drained and undrained conditions should be
considered (Kohata et al., 1996).
When cured mixtures are quite compact and denoted by high strength
levels, triaxial tests can be replaced by confined compression tests.
In many cases, also indirect traction tests (or Brazilian tests) are car-
ried out on stabilized soils to determine their tensile strength, which is
customarily directly correlated to the degree of cementation.
A brief introduction to these methods is presented in the following.
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6.2.1 Unconfined compression tests
Unconfined compression test is a simple laboratory testing method to
assess the mechanical response of concrete, rocks, and fine-grained soils.
It gives a quantification of the unconfined compressive strength (UCS)
and the stress – strain relationship of the inspected materials. Unconfined
compression tests are often included in laboratory geotechnical testing
programs, especially when dealing with high strength samples.
The main advantage of this technique is related to the relatively short
duration of the loading sequence, which allows rapid measurements of
UCS. In the geotechnical practice, this test is used to calculate the un-
drained shear strength of clays under unconfined conditions, but in the
context of DM applications this parameter partly loses its physical mean-
ing.
In an unconfined compression test, the sample is placed in the loading
machine between the lower and upper steel plates. Before starting the
loading, the upper plate is adjusted to be in contact with the top base
of the sample and the deformation is set to zero. The test then starts
by applying a constant axial strain of about 0.5-2% per minute (See Sec-
tion 3.4.5). The load and deformation values are recorded as needed for
tracing a reasonably complete load – deformation curve. The loading is
continued until the load values decrease or remain constant with increas-
ing strain, or until large axial strains (15-20%) are reached. At this state,
the sample is considered to be at failure.
As reported in Chapter 5, the mechanical properties of CSM panelsExperimental
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installed in two jobsite were particularly studied.
More than 60 specimens retrieved from the site of Bologna (Italy) were
probed in accordance with EN 12390-3 (2003) at different curing times, to
evaluate the UCS of the stabilized clay after treatment. Three diameters,
namely d = 83, 54, and 37 mm, and two aspect ratio, namely l/d = 1 or
2, were considered. The cylindrical specimens were obtained by coring
CSM panels produced injecting into the ground a cement slurry charac-
terized by a w/c ranging from 0.6 to 0.7 and setting α between 300 and
500 kg/m3 of natural soil. Curing time was between 14 days and more
than 2 years from the completion of each investigated panel. During the
period before testing, cores were cured under environmental controlled
conditions. UCTs were carried out at a displacement rate of 0.5 mm/min
(0.7%/min).
The wet grab samples collected from the site of Zandvoort (The Nether-
lands) were cured at a room temperature of about 22◦C and at a relative
humidity over 95% for a period variable between 14 and 125 days. The
wet grab samples were cored a couple of days before the test date to cre-
ate specimens of 37 mm and 54 mm in diameter subsequently trimmed
to get parallel and smoothed bases and aspect ratios of 1.5 (d = 54 mm)
or 2 (d = 37 mm). The specimens were finally wrapped with thin plastic
films to prevent moisture loss. Several specimens were tested according
6.2 mechanical tests 269
(a) Galdabini Sun 2500 (b) Galdabini Sun 60
Figure 6.1: Laboratory facilities for the measurement of UCS of CSM treated soil
samples.
to EN 12390-3 (2003) to estimate the UCS of the treated sandy soil. Tests
were performed under a displacement control procedure at a displace-
ment rate of 0.5 mm/min (0.7%/min). For each panel, triplicate samples
were used.
Tests were conducted by means of a Galdabini Sun 2500 and a Gald-
abini Sun 60 loading machines, shown in Figure 6.1.
6.2.2 Indirect traction tests
DM structures are frequently realized as hydraulic cut-off walls or as
compression-only elements, thus tensile strength is typically unnecessary
for engineering purposes. However, in some cases, such as in retaining
walls, a minimum tensile strength is required even when stabilized soils
is reinforced with steel bars or beams.
To evaluate tensile strength of treated materials, the indirect traction
test, also known as splitting test, is used. This method, as well as the cor-
responding sample preparation (similar to that required for UCT), is in
fact much simpler than the uniaxial tension test, although it is believed
to provide a higher tensile strength with respect to the latter testing pro-
cedure.
To determine the tensile strength, a ground cylindrical specimen is
placed horizontally between the steel plates of the loading machine. The
compression load is applied diametrically and uniformly along the length
of the cylinder up to failure (Figure 6.2a). The failure occur as a fracture
along the vertical diameter. To allow the uniform distribution of the ap-
plied load and to reduce the magnitude of the high compressive stresses
near the point of application, strips of plywood or other materials are
placed between the specimen and the loading platens.
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(a) (b)
Figure 6.2: Splitting test: (a) laboratory apparatus; (b) stress distribution within
the sample.
In agreement with the stress distribution sketched in Figure 6.2b, a
small element lying along the vertical diameter of the cylinder is subjected
to a vertical compressive stress and a horizontal stress. Despite the high
compressive strength immediately below the loading points, the larger
portion of the specimen is uniformly loaded diametrically and a uniform
tensile stress acting horizontally is expected due to the so-called Poisson’s
effect.
Assuming the stabilized soil specimen behaving as an elastic body,
the lateral tensile strength, σt, orthogonal to the load vertical diametri-
cal plane can be calculated by
σt =
2P
pi d l
(6.1)
where P is the compressive load at failure and d and l are, respectively,
the diameter and the length of the cylinder.
This test is generally adopted to estimate the splitting tensile strength of
concrete, which is found to vary between 1/10-1/15 of the corresponding
unconfined compressive strength.
The indirect tensile strength of the treated clayey soil of Bologna wasExperimental
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determined in accordance with EN 12390-6 (2002) on 5 specimens with d
= 37 mm and l/d = 2, cored from a block of CSM material collected at
a depth of about 10 m below the ground level from a panel treated with
w/c = 0.6 and α ≈ 380 kg/m3. Tests were carried out under a controlled
displacement rate of 0.24 mm/min.
The indirect tensile strength of the wet-grab samples taken from panels
P40, P41, and P44 produced in Zandvoort was evaluated according to EN
12390-6 (2002) at 125 curing days on triplets of specimens characterized
by d = 37 mm and l/d = 2. Also in this case tests were conducted under
a controlled displacement rate of approximately 0.2 mm/min.
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(a) Typical Hoek Tri-axial cell (b) Experimental set-up
Figure 6.3: Laboratory facilities for the measurement of the confined compres-
sive strength of CSM treated soil samples.
6.2.3 Confined compression tests
To study the influence of lateral confinement on high strength materials
like rocks and concrete, it is necessary to use specifically devised testing
equipment which is essentially based on the same working principles of
triaxial tests (Burgher et al., 2008).
The standard triaxial device is consequently replaced by a Hoek cell,
which is a specially designed hydraulically operated triaxial cell consist-
ing of a hollow cylindrical steel body into which a rubber membrane is
inserted (Figure 6.3a). The cavity formed between the body of the Hoek
cell and the membrane acts as a reservoir for hydraulic oil, which can be
pressurized up to about 70 MPa. The steel caps seal the ends of the cells
but are hollow in the centre to allow for load platens to be inserted, so
an axial load can be applied to the specimen contained within the mem-
brane.
In this triaxial apparatus the intermediate and minor principal stresses
are geometrically equivalent due to the cylindrical symmetry and are
equal to the imposed hydraulic confining pressure. The major principal
stress corresponds to the applied axial stress.
Samples can be provided with strain gauges for "local" deformation
measurements. Moreover, outside the cell, LDVT trasducers may be col-
located between the loading plates of the loading machine to measure
"externally" the specimen deformation.
Confined compression tests were executed in accordance with ASTM Experimental
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Standard D7012 (2010) on specimens cored from the wet-grab samples
collected from panels P40, P41, and P44 constructed at the site of Zand-
voort. For each of these panels, three specimens with d = 54 mm and l/d
= 1.5 were tested at tcur = 113 days using a Hoek triaxial cell under three
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(a) Preparation (b) Final set up
Figure 6.4: Flexible wall permeameter used for the determination of permeabil-
ity in CSM treated soil specimens.
different confining pressures, namely 0.0 MPa, 0.4 MPa, and 1.0 MPa. A
displacement rate of 0.5 mm/min (0.6%/min) was adopted.
Furthermore, samples tested under no lateral confining stress were
equipped with axial and circumferential strain gauges in order to esti-
mate a "local" value of the secant modulus of elasticity, Es,50, to be subse-
quently compared with the "external" one. The experimental set-up used
in shown in Figure 6.3b.
6.3 permeability tests
Two standard soil permeability testing instrumentations are commonly
utilized in the laboratory for the determination of the hydraulic conduc-
tivity of porous materials, namely the flexible and the rigid wall perme-
ameter. Currently, the former is much more frequently used than the lat-
ter.
Flexible wall permeability tests are performed in triaxial cells by con-
fining the sides of the probed specimen with a flexible membrane rather
than with a rigid wall. The confining pressure is applied outside of the
membrane to press it against the soil specimen and thereby minimize
sidewall leakage. Under the applied confinement the membrane conforms
to the irregular lateral surface that often characterize undisturbed speci-
mens (Figure 6.4).
Flexible wall cells have several advantages:
• undisturbed samples can be easily tested;
• back-pressure is typically used to increase the degree of saturation
of the sample and to help the dissolution of possible entrapped
air bubbles, provoking, as a result, a corresponding increase in the
ascertained hydraulic conductivity;
6.4 microstructural and mineralogical tests 273
• the deformation of the sample can be assessed;
• the stress level applied to the specimen can be controlled;
• the sidewall leakage can be considered negligible.
On the other hand, the test is customarily time consuming (about a
week or even more is necessary for low permeability materials) and,
hence, costly. Furthermore, in some cases, misleading permeability val-
ues can be obtained due to the undesirable effect of the confining stress
in closing cracks which may be present in the sample.
It is worth noticing that permeability evaluation by means of flexible
wall permeameters assumes implicitly the validity of the Darcy’s law for
laminar flow.
A flexible wall permeameter was used to determine the hydraulic per- Experimental
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meability of 3 specimens (d = 37.4 mm, l/d = 1-2) trimmed from a defini-
tive CSM panel installed in the subsoil of Bologna. Different gradients,
namely 30 (ASTM Standard D5084, 2010), 259, and 302, were applied.
The same device was used to measure the hydraulic permeability of
four cores (d = 37 mm, l/d = 2) trimmed from the wet-grab samples
retrieved from panels P39, P40, P41, and P44 under a hydraulic gradient
of about 270.
In both cases, specimens were first permeated with water until a stable
permeability value was observed. No back pressure was applied during
the test.
The selected high gradients and the choice to not use a back-pressure
are due to both the very compact cemented matrix of the investigated
treated materials and to the very low connectivity of the associated capil-
lary pore networks confirmed by means of microstructural analyses.
6.4 microstructural and mineralogical tests
The chemical composition of the natural soils and of the binders used for
their stabilization are very important aspects to be taken into account to
delineate the main hydration mechanisms affecting the microstructural
features of treated materials (Croft, 1967b; Coop, 1994; Åhnberg et al.,
2003; Kitazume, 2005), which, in turn, are strongly correlated with many
of the most relevant properties characterizing the hydro-mechanical be-
haviour of DM structures (Larsson, 2005; Van Impe and Verástegui Flores,
2006).
Therefore, microstructural and mineralogical analyses are, in general,
found to be valuable as tools to support ordinary laboratory test results
(Osman and Al-Tabbaa, 2009). In this respect, some of the most well-
established techniques are described in the following sections. In addi-
tion, a recent image-based procedure for the analysis of two-dimensional
pore networks is presented at the end of the chapter.
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6.4.1 X-ray powder diffraction
XRPD is one of the main techniques used for phase identification of crys-
talline materials. The analysed material is normally finely and uniformly
ground in an agate mortar and homogenized so that its average bulk
composition can be obtained.
XRPD is based on constructive interference of previously monochro-
matized and collimated X-rays and on the countless number of micro-
crystals forming the sample. This interaction produces diffracted rays
satisfying the Bragg’s law, which relates the wavelength of the incident
X-ray radiation to the diffraction angle (θ) and the interplanar distances
(x) of the atomic lattice in a crystalline material. By scanning the sample
through a range of 2θ angles, all possible orientations of the lattice should
be inspected due to the random arrangement of the powdered particles.
The resulting data are intensity peaks recorded by a detector for the pre-
scribed 2θ angular range.
Qualitative and quantitative characterization of mineralogical phases
can be performed by XRPD technique (Lusvardi et al., 2007). An effec-
tive procedure to quantify the percentage amount of the several phases
contained in the sample is the combined Rietveld and reference intensity
ratio (RIR) method.
The Rietveld refinement is a least squares minimization technique, in
which a refinable model is used to produce a calculated data set which is
then fitted to the experimental data. The main problem in the application
of this mathematical algorithm is the difficulty in determining the peak
profile function in order to resolve overlapping reflections. Best results
are achieved when, ideally, the overlap of reflections from two or more
phases are as small as possible. As the Rietveld refinement is a purely
mathematical process, it is important to make sure that the final model
produced makes physical and chemical sense. If this condition is satisfied,
the weight ratios of the phases can be calculated directly.
If an internal standard is incorporated, it is possible to evaluate, by
difference with the other compounds, the amount of non-crystalline ma-
terial within a sample by means of the so-called reference intensity ratio
method. It relies on the comparison of the integrated intensity of the
phase of interest with that of a standard phase introduced in the sam-
ple in a known proportion (Liska and Al-Tabbaa, 2009). The RIR for the
inspected phase is subsequently assessed by dividing the integrated in-
tensity of the strongest line of the phase with that of the standard. RIRs
for a large number of components are available in the powder diffrac-
tion file database, whereby the standard used to derive those values was
synthetic corundum used at 50%. Corundum is thus a suitable choice of
internal standard (Barnett et al., 1999). The refined values of the Rietveld
phase fractions are hence converted into weight fractions and rescaled
into absolute values with respect to the amount of added standard.
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Figure 6.5: X-ray powder diffractometer used for the detection of the major
phases present in CSM treated soils.
In recent times, XRPD has undergone an increasing use in applications
related to soil stabilization and soil-cement mixture analysis. Often, the
aim of this kind of test is to demonstrate the effectiveness of the treat-
ment in terms of the main cement hydration products developed during
the reaction process, especially if compared with the results from diffrac-
tograms relative to the untreated soil (Croft, 1967a,b; Joshi et al., 1981;
Narasimha Rao and Rajasekaran, 1996; Rajasekaran et al., 1996; Al-Tabbaa
and Evans, 1999; Chew et al., 2004; Butcher, 2005; Madhyannapu et al.,
2010; Wilkinson et al., 2010). Recently, some researchers have tentatively
proposed semi-quantitative X-ray diffraction analysis of stabilized soils
(e.g. Kamruzzaman et al., 2006; Liska and Al-Tabbaa, 2009). However, it
should be pointed out that these estimates are usually very rough due
to the generally high content of amorphous material in the natural soil
and in the soil-binder mixture. Moreover, it is important to note that also
C-S-H and C-A-H reaction products are themselves poorly crystalline or
amorphous (Taylor, 1997).
Two measurements were accomplished on the samples recovered from Experimental
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the jobsite in Bologna: the former was a small portion of the original
clay obtained from an inclusion of about 5 cm in diameter within a CSM
panel, while the latter was a fragment of the cementitious matrix of the
same panel.
Other three tests were carried out on the samples collected from Zand-
voort: the first one was conducted on the natural sandy soil of the site, the
second on the treated material retrieved from panel P40 at the end of its
construction and cured for almost one year in a controlled environment,
whereas the third was executed on the dry cement used for production.
These samples were at first finely ground and, afterwards, analysed
with a PANalytical X’Pert PRO diffractometer in Bragg-Brentano geome-
try equipped with a X-ray tube operating at 40 kV and 40 mA (CuKa ra-
diation) and a X’Celerator detector (Figure 6.5). The acquired diffraction
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patterns were interpreted with X’Pert HighScore Plus 3.0 software. Due
to the great variety of phases prevalently amorphous in nature present in
the mixture, a quantitative X-ray diffraction analysis (QXDA) and even a
semi-QXDA were found somewhat difficult to perform. For this reason,
only qualitative results were deduced.
6.4.2 Mercury intrusion porosimetry
MIP is one of the most common methods to investigate the pore structure
of materials and it is widely used to determine the total porosity and the
pore size distribution (PSD) of porous solids (Garcia-Bengochea et al.,
1979; Juang and Hottz, 1986; Klobes et al., 1997; Voc˘ka et al., 2000). Rigby
and co-workers, using different techniques to describe the pore space
of several substances, concluded that mercury porosimetry is probably
still the best way to attain a statistically representative characterization of
meso-porous solids at reasonable cost (Rigby et al., 2002).
MIP consists in forcing a pressurized non-wetting fluid, i.e. mercury,
into the accessible pores of a previously desiccated and degasified sample
having a mass of about 4 g and recording at each applied pressure level
the corresponding volume of mercury intruded. This volume is defined
by measuring the variation of the mercury level in a calibrated capillary
tube called dilatometer.
MIP is based on the fact that a non-wetting liquid (contact angle greater
than 90◦) is able to intrude capillaries only under pressure according to
the Washburn equation:Washburn equation
p = ∆hρg = ±2δ cos ϑ
r
(6.2)
where p is the pressure difference generated across the fluid meniscus, r
is the radius of the capillary, δ is the surface tension of the liquid, and
ϑ is the contact angle of the liquid. The values of δ and ϑ are commonly
regarded as constant throughout the test (Cnudde et al., 2009).
The Washburn model can be used to convert mercury intrusion data
into pore size distribution curves by assuming the network formed by a
bundle of parallel cylindrical non-intersecting channels of different radii
(Gregg and Sing, 1982), entirely and equally accessible from the outer
surface of the specimen through larger pores (Diamond, 2000; Moro and
Böhni, 2002), as schematically depicted in Figure 6.6a.
Some researchers have raised doubts about the possible damage effect
on a micro-fabric intruded by mercury at elevated pressure (Cook and
Hover, 1999). However, recently, Dal Ferro et al. (2012) have shown that
sample damage is normally unlikely to occur.
According to Equation (6.2), the volume of mercury intruded at each
applied pressure increment can be used to construct the pore size distri-
bution curve of the specimen, whereas its total porosity may be easily
computed from the total intruded volume.
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(a) (b)
Figure 6.6: Schematic representation of the pore network within a sample: (a)
non-intersecting cylindrical pores connected to the outside with in-
creasing diameter; (b) generic intersecting network.
In addition, the equivalent pore size, rcrit, corresponding to the steep-
est slope of the intrusion curve (Hu and Stroeven, 2003) and sometimes
referred to as threshold or critical pore size, can be estimated by the peak
of the PSD derivative curve, named volume – log-radius distribution curve,
DV(log r) (Moro and Böhni, 2002), which can be expressed as
DV(log r) =
dV
d log r
(6.3)
The critical pore size is a useful parameter because it marks the point
at which the microstructure is significantly penetrated with mercury. It is
also associated with the percolation threshold, pc, defined in the context
of percolation theory (Renard and Allard, 2011).
Cement-based materials are typically characterized by bimodal distri-
butions and, therefore, by two distinct critical pore radii. This underlines
the fact that in cementitious masses there exist two predominant fami-
lies of pores that can be reasonably identified by the presence of gel and
capillary pores, respectively.
It is worth noticing that more than five orders of magnitude in pore size
can be investigated by MIP, being the range of pore diameter obtained
from Equation (6.2) comprised between 360 and 0.0055 µm.
MIP is affected by some severe drawbacks, the main of which is related
to the general failure of the hypotheses assumed in the derivation of the
pore size from the Washburn model (Voc˘ka et al., 2000; Farber et al., 2003).
As observed by Diamond (2000), only very few real materials actually ful-
fil the requirements of the model, since pores are not cylindrical and not
directly connected to the sample surface with progressively increasing
diameters. Nearly all of the pores are, in fact, in the interior of the spec-
imen and most of them can be reached by mercury only through a long
percolative chain of intermediate pores of varying sizes and shapes.
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Thus, the intrusion of mercury in the specimen does not proceeds regu-
larly with increasing applied pressure, but is influenced by possible con-
strictions or enlargements along the intrusion path, which is further com-
plicated by pore interconnectivity, as presented in Figure 6.6b.
From these considerations, the pore size distribution curve resulting
from the implementation of the Washburn model is believed to depart
considerably from reality, most pores being reported one or two orders
of magnitude smaller than they actually are. The generated PSD curve is
indeed regarded as reflecting the physics of how mercury intrudes into
the structure and, thereby, most closely representative of the diameter of
the throat entrance instead of the true pore diameter (Cook and Hover,
1999). For this reason, PSD is frequently more rationally considered as a
"pore throat size distribution curve" (Klobes et al., 1997).
Often, in the literature, the inability of MIP to reliably represent the real
pore space geometry is attributed to the so-called ink-bottle effect. ThisInk-bottle effect
name derives from the basic shape of those pores that can be intruded
with mercury only through their narrow entrance (bottle necks), caus-
ing misinterpretation of MIP experimental data (Moro and Böhni, 2002;
Cnudde et al., 2009; Dal Ferro et al., 2012). Notwithstanding, this simpli-
fied view of the phenomenon is far reductive.
In addition to the previous shortcomings, MIP technique can neither
provide insight on isolated pores (not accessible to mercury), nor give
detailed information on pore connectivity, shape, and spatial variation of
porosity in the sample (Lange et al., 1994; Elaqra et al., 2007).
In the course of the experiments, once the pressure applied to the mer-
cury has approached its maximum, it is gradually reduced to zero with
a corresponding decrease in the intruded volume. This volume change
with decreasing pressure is denoted by the term extrusion, in contrast
to the first phase termed intrusion (Figure 6.7). At the end of the test,
part of the intruded volume of mercury usually remains entrapped in
the pore structure. This hysteresis between mercury intrusion and extru-
sion curves is even more pronounced for compact and dense solids, such
as cement-based materials, whereas it progressively becomes less impor-
tant with increasing the number of intrusion/extrusion cycles. In order
to characterize the entrapment of mercury, a parameter, χ, is defined as
follows:
0 ≤ χ(p) = V
t(p)
Vi(p)
≤ 1 (6.4)
where Vi(p) is the maximum volume of mercury intruded at a pressure p
and Vt(p) denotes the entrapped mercury volume at the end of the cycle
after reaching atmospheric pressure.
χ can also be expressed as 1−WE/100, where WE is the withdrawal
efficiency. χ is expected to decrease with increasing saturation, throat to
pore diameter and volume ratios, and the number of connections (throats)
per pore.
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Figure 6.7: Intrusion and extrusion curves obtained from MIP.
Because of the hysteresis observed in the execution of intrusion/extru-
sion cycles and the relatively large density of mercury, MIP can possibly
be performed before tomographic measurements to enhance the contrast
between pores and solid phase and to improve the overall knowledge con-
cerning the pore space features of the investigated material (e.g. Klobes
et al., 1997; Hellmuth et al., 1999; Moro and Böhni, 2002; Cnudde et al.,
2009).
Compared to other techniques, MIP systematically generates higher to- Disadvantages
tal porosity values due to the higher instrumental resolution available
(pores with size down to the nano-scale can be recognized), even if good
agreements with the void volume evaluated by classical procedure for
the determination of the water content of saturated samples have been
reported (e.g. Locat et al., 1996).
Moreover, MIP customarily leads to an underestimation of coarser pores
and overestimation of finer pores (throats) in comparison to image analy-
sis techniques, which are not affected by the ink-bottle effect and are not
based on any hypothesis concerning the shape and connectivity of pores
(Lange et al., 1994).
Despite almost the entire range of porosity can be analysed by mercury
porosimetry, there is still much debate about the validity of this method.
It appears, in fact, that no general model is presently widely accepted for
analysing mercury intrusion and extrusion curves giving reliable pore
size distribution curves of any unknown real sample.
However, MIP can provide valuable outcomes regarding pore throat Advantages
distribution and total porosity of porous media, especially when inter-
preted accounting for the main limitations previously described and when
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Figure 6.8: Mercury intrusion porosimetry used for the investigation of the pore
structure of the CSM treated soil material.
used in combination with other testing procedures. It is worth noticing
that several works combining the results from mercury porosimetry and
image-based analysis have been recently published in the literature (e.g.
Hellmuth et al., 1999; Klobes et al., 1997; Lu et al., 2000; Moro and Böhni,
2002; Farber et al., 2003; Cnudde et al., 2009; Dal Ferro et al., 2012).
The accessible porosity and pore size distribution of the sample col-Experimental
configuration
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lected from Bologna were measured using a Thermo Finnigan Pascal 140
and a Thermo Finnigan Pascal 240 (Figure 6.8), which are able to de-
tect pores of radius comprised between 0.0037 and 100 µm, assuming
ϑ = 141.3◦ and δ = 480 mN/m.
The same instrumentation was used to conduct ultra-MIP (able to indi-
viduate pore sizes up to 250-300 µm) on specimens retrieved from each
of the six panels produced in Zandvoort. An additional test was carried
out on a mixture prepared in the laboratory with the same soil, cement,
and mix design parameters used at the site.
6.4.3 Scanning electron microscopy
The scanning electron microscopy (SEM) is a direct method by which
mineralogical and microstructural features of a small area of the sample’s
surface can be investigated.
The experimental device is substantially composed of a microscope
that uses electrons instead of light to form images. The electron beam
is thermionically emitted from an electron gun fitted with a tungsten fil-
ament cathode, which is generally used because of the highest melting
point and lowest vapour pressure with respect of other metals and be-
cause of its low cost. Other types of electron emitter include lanthanum
hexaboride (LaB6) cathodes.
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(a) (b)
Figure 6.9: Signals produced by an accelerated electron beam focused on a sam-
ple surface: (a) types of signal generated in function of the probed
depth; (b) characterization of surface morphology provided by sec-
ondary electrons.
The electron beam follows a vertical path through the microscope and it
is held within a high vacuum. The beam travels through electromagnetic
fields and lenses, which focus the beam down toward the sample to a
spot about 0.4 nm to 5 nm in diameter.
The interaction between the accelerated electrons and the sample sur-
face occurs within a teardrop-shaped volume known as the interaction vol-
ume (Figure 6.9a), which extends under the surface of the specimen from
less than 100 nm to about 5 µm. In this volume, the electrons lose energy
by repeated random scattering and adsorption mechanisms. More specif-
ically, elastic scattering results in the reflection of high-energy electrons,
named back-scattered electrons (BSE), whereas inelastic scattering leads to
the emission of secondary electrons (SE). Each of these signals can be caught
by specialized detectors. The incident beam excites also electrons in the
inner energy levels (or electron shells) bound to the nucleus of the chemi-
cal elements belonging to the specimen, producing the ejection of some of
them and, thus, vacancies that have to be filled by as many electrons com-
ing from outer, higher-energy shells. The differences in energy between
the higher-energy shell and the lower-energy shell may be released as
X-rays, that are measured by an energy-dispersive spectrometer typically
used in combination with SEM.
Details concerning the sample surface topography and its chemical
composition are information contained in these types of signals, which,
in order to be easily interpreted, are processed and simultaneously con-
verted in the form of digital images.
Secondary electrons are emitted within a small depth from the surface
of the specimen and are, hence, useful for a detailed investigation of ir-
regular surfaces, as sketched in Figure 6.9b.
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Conversely, back-scattered electrons are high-energy electrons (> 50
eV) that have undergone multiple elastic scattering events within the spec-
imen. The intensity of the BSE signal is strongly controlled by the atomic
number of the elements of the material irradiated. The interaction of the
electron beam with different elements produce different intensities in the
BSE signal, which are reflected in the brightness and contrast of the corre-
sponding BSE images. As a consequence, phases formed by lower atomic
number elements appear darker than those having higher atomic number
elements (Sahu et al., 2004).
If the contrast in BSE images is so weak that it precludes discrimina-
tion, phases can be chemically distinguished by X-ray imaging (Stutzman,
2004), as the energy of the X-rays is indicative of the difference in energy
between the two shells involved in the electronic replacement process and
of the atomic structure of the element from which they were emitted.
By combining the BSE and X-ray signals, it is possible to determine
which elements are present in the sample and in what concentration (e.g.
Famy et al., 2003). Moreover, graphical display of the spatial distribution
of each element, known as "element maps", can be reconstructed (e.g.
Stutzman, 2004).
Depending on the type of information required, different types of spec-
imens should be prepared to improve the quality of the relative signal-
s/images.
First of all, because the SEM works under vacuum conditions, samples
must be dewatered by heating or conditioning.
All metals are conductive and require no preparation before being used.
On the contrary, all non-metals need to be made conductive by covering
with a thin layer of conductive material, such as carbon or gold, in order
to prevent the accumulation of electrostatic charges at the surface during
irradiation. This is done by using a device called "sputter" or "evaporative
coater".
When the analysis is aimed at the study of morphological features of
the mineralogical phases composing a cement-based material, the surface
to be inspected should be obtained from a fresh fracture of the specimen,
which is subsequently gently cleaned from possible residuals and finally
coated with a conductive layer.
Back-scattered analyses are regularly performed on flat surfaces pol-
ished by water lubricated lapping machines equipped with silicon carbide
abrasive papers or using water suspension of micronized diamond or sil-
icon carbide powder. Porous specimens should be preceded by vacuum-
impregnation of the surface with an epoxy, which has to be completely
dried in a laboratory oven prior to the grinding operation. Care must
be taken during this phase, as excessive grinding may remove portions
of the impregnated layer, exposing unimpregnated material (Sahu et al.,
2004).
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It is noteworthy that in cement-based materials microcracks are usu-
ally originated during drying and are the result of thermal shrinkage
mismatch of mineral agglomerates and cement paste (Elaqra et al., 2007).
Magnification in a SEM can be controlled over a range of up to six
orders of magnitude from about 10 to 500
.
000 times. In the context of
cement mixtures, magnifications comprised between 150x and 800x have
been suggested in the literature, the lower used to study the porosity
for subsequent permeability assessment (Solymar and Fabricius, 1999),
the higher adopted for adequate phase identification and quantification
(Sahu et al., 2004; Stutzman, 2004).
SEM may be also utilized to describe the pore space characteristics of
porous media. Epoxy-filled pores enclosed in the specimen are, in fact,
denoted by low atomic mass densities and, therefore, associated with
low grey values in the corresponding BSE images. Thus, pores are nor-
mally easily distinguishable from the surrounding brighter cemented ma-
trix and may be segmented by applying a grey-level threshold comprised
between 0 (black) and 255 (white) in the grey-scale (Lange et al., 1994;
Ioannidis et al., 1996). Special attention must be paid during segmenta-
tion, because inaccuracies in the selection of the threshold value may lead
to significant errors in the evaluation of porosity and of the other geomet-
rical descriptors of the pore space. Frequently, segmentation procedures
are based on the shape of the grey-scale histogram of the BSE image and
on a direct comparison of binarized images with the original ones in an
iterative process addressed to achieve a visually satisfactory cut-off result
(Hu and Stroeven, 2003). Recently, Wong et al. (2006a) developed a more
"rigorous" approach for the individuation of the grey-threshold value. It
is derived from the intersection of two curves tangential to the cumula-
tive brightness histogram of the BSE image, respectively in the point of
maximum curvature in the concave region and in its inflection point, as
shown in Figure 6.10.
To facilitate subsequent segmentation, brightness and contrast settings
in the BSE acquisition system are commonly adjusted, so that the brighter
constituents are at the peak-white grey level and the darker constituents
close to black.
The binarized images obtained from segmentation may contain noise
which generally consists of single pixels features and small pixel clusters.
For this reason, the first step in processing ordinarily involves the appli-
cation of filtering operations to remove such artefacts. The median filter
and the speckle size filter1 are useful tools to accomplish this correction
while retaining edge details (Stutzman, 2004; Wong et al., 2006a, 2012).
From the previous considerations, SEM may be regarded as a very ver-
satile instrumentation that can effectively support the mineralogical, mor-
phological, and microstructural characterization of several types of ma-
1 The speckle size filter is a tool that removes from the image all speckles with a size lower
than a predefined pixel size. Wong et al. (2012) suggest to remove all spurious features
smaller than 10 px.
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Figure 6.10: Individuation of the grey-scale threshold (modified from Wong et al.
2006a).
terials. Furthermore, when porous media are investigated, porosity and
other pore space geometrical descriptors, such as pore size distribution,
critical radius, specific surface etc., may be efficiently measured on seg-
mented BSE images with the only limitation being the spatial resolution
available. In this respect, it should be pointed out that such indicators are
defined in only two-dimensions and on a relatively small portion of the
sample’s surface. Therefore, they may be not representative of the real
three-dimensional pore network peculiarities. However, some researches
in the past have observed that the analysis of a certain number of BSE
images acquired from different points of the specimen can give valuable
results in term of statistical significance. For instance, Zhao and Darwin
(1992) proposed a statistical method to determine the number of BSE im-
ages required to reach a predefined confidence level for several pore space
parameters. For cement paste, Hu and Stroeven (2003), relying on the
same method, reported that 12-images led to a value of pore area fraction
within a relative error of 15% of the true value assuming a 95% confi-
dence level. Other researchers recommended to collect 20 BSE images to
ensure a reasonable statistical representativeness of the sample (Solymar
and Fabricius, 1999; Vogel and Roth, 2001; Wong et al., 2006a). Finally,
Wong et al. (2012) suggested the use of 30 images to define the pore space
properties of the specimen. Moreover, it has been recently demonstrated
that, when properly interpreted, two-dimensional pore space images can
yield essentially equivalent information to three-dimensional representa-
tions of the pore structure (Münch and Holzer, 2008).
The main advantage of digital imaging compared to mercury intrusionAdvantages
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(a) (b)
Figure 6.11: Scanning electron microscope used for the mineralogical and mi-
crostructural investigation.
porosimetry is related to the direct visualization of pores and throats
connecting them on acquired BSE images and on the fact that no assump-
tions on pore’s geometry or shape are necessary. Hence, more reliable
PSD curves, not affected by ink-bottle and inaccessibility effects, can be
constructed. SEM allows also to take into account the contribution to total
porosity of isolated voids, that are possibly present in the material and
not detected by MIP.
Nevertheless, because of the limited resolution compared to that pro- Disadvantages
vided by MIP, a narrower range of pore sizes can be recognized and,
consequently, smaller porosity values are customarily estimated. Other
minor limitations can be attributed to the behaviour of the impregnating
substance, especially in the case of intact samples of low conductive ma-
terials or in the presence of very small pore sizes (Hellmuth et al., 1999).
Scanning electron microscope analyses of treated samples collected Experimental
configuration
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from Bologna and Zandvoort were carried out using a CamScan MX2500
microscope, equipped with an EDAX EDS system (Figure 6.11). The mi-
croscope was operated at an accelerating voltage of 20 kV and at a work-
ing distance comprised between 11 and 32 mm.
Two 37-mm diameter treated soil samples, one cored from the CSM
block retrieved from a definitive panel installed in the site of Bologna
and the other cored from the wet-grab mixture taken from panel P40 em-
bedded in the subsoil of Zandvoort, were first sectioned using a diamond
saw to produce 5 mm thick discs which were later air-dried for several
weeks.
It is worth noticing that air drying may be considered suitable for very
stiff natural soils and cemented sands since they do not undergo signifi-
cant shrinkage, but for soft clays and cemented clays the stress induced
during drying may result in the formation of cracks (Mitchell, 1993).
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Some of the dried discs were then vacuum-impregnated with a low vis-
cosity epoxy and, afterwards, completely dried in a laboratory oven for
24 hours at a temperature of 40◦C prior to SEM analyses. Silicon carbide
papers of successively finer grit size of 120, 800, 1200, 2400, 4000 (corre-
sponding to 106, 21.8, 15.3, 6.5, and 2.5 µm) were used in order to obtain
a plane and polished surface.
The rest of the samples were broken up by finger pressure without any
disturbance of the broken face for SE analyses.
At last, both types of specimens were coated with a layer of carbon
using an high-vacuum evaporative coater to prevent the accumulation of
electrostatic charges at the surface during irradiation.
Several BSE and SE images were collected at a magnification ranging
between 200x and 3500x. Furthermore, X-ray maps were acquired for el-
ements Ca, Si, Al, Fe, Ti, Cr, S, K, Na, Mg, Mn, Cl, and O using the EDS
system. These X-ray images were combined with the BSE image of the pol-
ished surface to create several element distribution maps which allowed
classification of the mineral phases present at each location (pixel). Imag-
ing magnification of 200x was adopted in this case and the collected BSE
image was slightly rescaled to achieve a resolution of 1.15 µm/px (field
of view of 512 pixels by 409 pixels in size), i.e. the resolution of the X-ray
images.
6.4.4 X-ray computed micro-tomography
X-ray µ-CT is a totally non-invasive technique that enables the three-
dimensional reconstruction and visualization of materials. It is based on
the collection of a great number of two-dimensional radiographs of the
inspected sample, which are subsequently elaborated by means of mathe-
matical reconstruction algorithms to produce a series of grey-scale cross-
sectional slices representing the density spatial variability within the irra-
diated volume.
This type of analysis is very useful for material sciences, as it is suitableAdvantages
to investigate the microstructure of a wide range of substances for the
most various purposes and applications (Hellmuth et al., 1999; Klobes
et al., 1997; Lu et al., 2000; Moro and Böhni, 2002; Farber et al., 2003;
Elliot et al., 2010; Vogel et al., 2010; Dal Ferro et al., 2012).
Though this technique has been recently employed for the study of
the internal structure of cement-based materials (e.g. Chotard et al., 2003;
Elaqra et al., 2007; Cnudde et al., 2009; Han et al., 2011; Parisatto, 2011;
Tekin et al., 2012), it is still not very widespread in the field of soil-cement
mixtures.
One of the most important advantages of X-ray µ-CT is its non-invasive
nature, which permits to study the three-dimensional microstructure of
materials without any previous sample preparation.
As in any other imaging method, also in X-ray µ-CT the ratio betweenDisadvantages
final pixel size and probed volume is characterized by a limited value,
6.4 microstructural and mineralogical tests 287
(a) I = I0 e−(µ1+µ2+µ3+µ4) dx (b) I1 = I2 = I0 e−10 dx
Figure 6.12: Schematic representation of the mechanism of image formation
in conventional 2D radiography: (a) Beer-Lambert’s law in non-
homogeneous materials; (b) possible combination of different com-
pounds along two X-ray paths giving the same transmitted energy
(modified from Parisatto 2011).
which is at best about 1000 (Vogel et al., 2010). Therefore, to ensure a
spatial resolution approaching 1 µm (achievable with the most recent
laboratory systems), the maximum sample size should be restricted to
approximately 1 mm.
X-ray tomography, frequently referred to as transmission or attenuation
tomography, relies on the measurement of the X-ray attenuation along a
set of directions throughout the examined object governed by the well-
known Beer-Lambert’s law, which relates the incident intensity (i.e. num-
ber of photons, I0) and the transmitted intensity (I) to the X-ray linear
attenuation coefficient (µ) according to the following equation: Beer-Lambert’s law
I = I0 · exp
(
−
∫
ray path
µ(x) dx
)
(6.5)
where µ(x) stands for the attenuation coefficient associated with a specific
position x along the X-ray path inside the tested material.
Equation (6.5) only applies to monochromatic X-rays and to perfectly
homogeneous material. However, often polychromatic X-rays and non-
uniform samples are used.
According to the Beer-Lambert’s law, by measuring I and I0 along a
great number of directions, it is possible to determine a set of integrals of
µ(x) known as the Radon transform of the µ map of the object. Unfortu-
nately, in non-homogeneous materials each of this integrals is represen-
tative of different overlapping features along the explored X-ray path, as
shown in Figure 6.12.
The development of X-ray computed tomographic techniques allowed
to overcome this difficulty. In fact, when the Radon transform is reason-
ably well sampled, the projection-slice theorem provides the conditions
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Figure 6.13: Principle of cone beam tomography (modified from Klobes et al.
1997).
for the resolution of the inverse problem, i.e. the derivation of the µ map
(Elaqra et al., 2007) represented by a stack of two-dimensional cross sec-
tional images.
Each reconstructed slice is actually a matrix of pixels whose grey val-
ues are proportional to the mean X-ray attenuation coefficient within the
corresponding volume of material (i.e. dark for low- and bright for high-
attenuating particles).
In this respect, it is worth noticing that for each compound in the in-
vestigated volume and for low X-ray energies (up to 50-100 keV), the
interaction between X-rays and the electrons of the atomic shells is pre-
dominantly governed by the mechanism of photoelastic absorption, on
the basis of which µ is mainly related to the density of the inspected
phase, ρ, its mean atomic number, Z, and the energy of the radiation
used, E, by
µ
ρ
= K
Z4
E3
(6.6)
where K is a constant. The ratio µ/ρ is normally termed mass attenuation
coefficient. Since compositional variations have a major impact on image
contrast, more detailed images can thus be acquired at low energies. Nev-
ertheless, the selected energy should not be too weak to ensure adequate
penetration of the object and signal-to-noise ratio.
In conventional laboratory equipments, the X-ray source is a micro-
focus tube (i.e. a tube with a micrometric focal spot) which produces
a conical and polychromatic beam. On the contrary, synchrotron-based
systems generate practically parallel and highly brilliant beam, whose en-
ergy can be accurately selected using monochromators. In each case, the
specimen is entirely immersed in the X-ray beam between the source and
a specifically designed detector and rotated upon its axis at predefined
angular steps by a sample holder, as sketched in Figure 6.13. The system
is controlled by a computer that synchronizes the acquisition of one or
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more radiographs with each rotation of the object. A large number of
projections (up to several thousands) is customarily collected.
In microfocus systems, the cone-beam geometry usually requires a com-
plete 360◦ rotation of the sample and further yields to a certain level of
magnification observed in the reconstructed images. More specifically, the
geometrical magnification factor is defined as the ratio between the source
to detector and source to object distances. In order to obtain a significant
magnification factor and, consequently, a more detailed representation of
the inner structure of the material and an increased spatial resolution, the
sample should be positioned as close as possible to the source window.
However, because of the strong decrease in the intensity of the photon
flux with distance, also the detector should not be placed too far from the
source. This allows to limit the exposure time at reasonable values during
data assimilation.
The magnification factor, the detector pixel size and the focal spot size
of the source are the main parameters which determine the spatial reso-
lution of microfocus scanners.
Even if no magnification can be achieved using synchrotron facilities, Synchrotron
scannersthey present several notable advantages:
• the collection of projections can be limited to only 180◦;
• extremely high photon fluxes are available;
• the use of a single-energy radiation prevents the beam-hardening
effect to occur in the reconstructed images;
• due to the parallel beam geometry, each slice is an exclusive func-
tion of its position in the sample and does not depend on other
slices. This leads to a considerable simplification of the reconstruc-
tion procedure.
Several mathematical reconstruction techniques have been developed
for different geometries and specific experimental conditions (e.g. Nat-
terer, 2001; Wellington and Vinegar, 1987; Kak and Slaney, 1988; Kuba
and Herman, 2008). The most widely used in modern X-ray µ-CT is cer-
tainly the filtered back-projection algorithm. This reconstruction method
ensures a very good balance between spatial accuracy, noise reduction
and computational effort. For the sake of clarity, the parallel beam ge-
ometry is assumed to describe the basic principles of this mathematical
procedure. Once a set of projections from different angular positions is
acquired, a back-projection of each slice on the 2D-radiographs is per-
formed. This process consists in assigning to each point of the object the
average value of all the projections at the corresponding position for each
rotation, as schematically shown in Figures 6.14 and 6.15. From these fig-
ures, the back-projection procedure seems capable of reconstructing the
probe geometry, but the resulting two-dimensional cross-sections are gen-
erally highly blurred. This artefact can be efficiently corrected through
the application of an appropriate pre-filtering of the projections, as in the
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(a) Back-projection (b) Filtered back-projection
Figure 6.14: Schematic illustration of the basic principles of the (a) back-
projection and (b) filtered back-projection reconstruction algorithms
(modified from Parisatto 2011).
filtered back-projection algorithm. As the number of back-projected pro-
files increases, the real shape of the investigated object appears increas-
ingly defined. The operation is then repeated for all the slices obtaining
the final three-dimensional reconstructed dataset (Parisatto, 2011).
The reconstruction method can frequently generate on the tomographicArtefacts
sections several artefacts that may hamper image processing and quanti-
tative analyses. The most common are:
• ring artefacts;
• beam hardening artefact;
• streak artefacts;
• motion artefacts.
Ring artefacts appear as concentric rings of completely altered grey
values superimposed on the reconstructed slices and centred around the
Figure 6.15: Application of the back-projection reconstruction process for a sin-
gle slice of a virtual attenuating circular object.
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rotation axis of the sample. These defects are not related to the experimen-
tal geometry but to anomalous responses of some elements of the CCD
detector or to impurities on the scintillator. They can be prevented using
flat-field correction and by applying a series of predefined movements to
the sample (or to the detector) during acquisition. This "wobbling" is obvi-
ously duly considered in the reconstruction phase and allows to average
out possible inhomogeneities due to individual damaged pixels of the de-
tector. Alternatively, several image processing algorithms for an effective
reduction of ring artefacts can be adopted.
Reconstruction algorithms are based on the assumption that a particu-
lar volume element attenuates X-rays in the same way regardless of the
projection angle or the propagation path length. This hypothesis cannot
considered valid for polycromatic sources like microfocus tubes, as the
low energy portion of the X-ray spectrum is preferably attenuated along
its path through the sample. Such condition is ordinarily referred to as
beam hardening, since the X-ray beam becomes progressively "harder"
due to the shifting towards higher values of its average energy. Beam
hardening is identifiable in reconstructed images as a unrealistic "cup-
ping" of the grey value plot profile through the cross-section of the object,
which can, therefore, be erroneously interpreted as composed of an inner
core of less attenuating material. This artefact can be limited by placing
adequate filters (typically an Al or Cu foil) directly in front of the exit
window of the X-ray tube or before the detector to perform a sort of pre-
/post-hardening of the radiation. Further correction may be carried out
by mathematical tools preprocessing the projection images just before the
reconstruction step.
A section slice reconstructed from tomographic analysis of a CSM sam-
ple is presented in Figure 6.16. Figure 6.16a shows the original recon-
structed image where beam hardening and ring artefacts can be clearly
seen. Figure 6.16b represents the same slice after artefact correction: no
rings can be recognized anymore and beam hardening effect seems to be
completely removed, as confirmed by the plot profile along the path AB
reported in Figure 6.16c.
Streak (or metal) artefacts are visible on tomographic slices when highly
absorbing particles are present in the specimen. These objects reduce or
prevent the transmission of the X-ray beam, substantially limiting the
available information concerning other features located along its path. No
effective ways to reduce these artefacts exist. The best solution customar-
ily consists in increasing the beam energy, even though this necessarily
leads to a loss of contrast.
Finally, motion artefacts are originated from rigid movement of the
sample (e.g. tilting, shaking, or shrinking) during data acquisition and
are reflected by blurring in the reconstructed images. Their effects can be
easily corrected by means of mathematical algorithms.
As the grey value of each voxel in these images is closely related to
the absorption coefficient of the material, the two-dimensional cross sec-
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(a) Original (b) Corrected
(c) Plot profile
Figure 6.16: Reconstructed 2D cross-section of a CSM sample: (a) original image
with no ring artefacts and beam hardening correction; (b) corrected
image; (c) plot profile of grey values along the path AB.
tions permit, at a first sight, the identification of the different compounds
forming the sample.
Once the overall stack of cross-sections is properly reconstructed, it can
be segmented in one or more independent regions depending on the grey
values associated with the selected phases. As in SEM, segmentation is
normally a procedure requiring particular attention due to the fact that, in
many cases, very small absorption differences between the various phases
composing the sample occur. In addition, when voxels are filled with
different kind of materials, the resulting X-ray attenuation is a weighted
average of the attenuation coefficients of the phases contained in them
and no unambiguous segmentation can be made. In the literature, thisPartial Volume
Effect situation is often termed "partial volume effect" (e.g. Klobes et al., 1997;
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Elliot et al., 2010; Vogel et al., 2010). Owing to this intrinsic limitation of
the method, small speckles of the images cannot be described correctly.
Segmentation is often performed by applying single grey threshold val-
ues individuated on the basis of the shape of the grey value histogram
and comparing the resulting images with the original ones.
In the analysis of porous materials, such as cementitious mixtures, two
phases assume particular relevance, i.e. the voids and the solid matrix.
Binarized images derived from segmentation of pores from the rest of the
specimen may be used to conduct three-dimensional analyses on the pore
space geometry. Depending on the spatial resolution of the instruments,
X-ray µ-CT can reveal the presence of isolated voids and the actual shape
properties and orientation of pores. Furthermore, it is possible to estimate
the total porosity and define the corresponding pore size distribution (for
example assuming spherical pore shape – Farber et al. 2003 – or by means
of a structuring element – Cnudde et al. 2009; Vogel et al. 2010), as well as
obtain valuable insights on higher-order descriptors such as connectivity
and tortuosity (Wong et al., 2006a).
The main drawback of X-ray µ-CT with respect to other laboratory tech- Comparison with
other techniquesniques, such as SEM and MIP, is the maximum resolution achievable in
the images to be analysed. Nowadays, it is approximately of 1 µm, i.e. at
least one order of magnitude greater than that available in ordinary SEM
equipments. Moreover, to reduce noise and misleading interpretation of
small objects, a size filter is regularly applied to the slices. These facts
yield to a significant underestimation of total porosity (more pronounced
than in SEM) and, especially in cement-based materials, to the inability
to distinguish the larger amount of porosity within the matrix.
From the previous considerations it is possible to conclude that MIP,
SEM, and X-ray µ-CT can be regarded as complementary investigation
techniques, which, when used in combination, allow to overcome their
own shortcomings and enhance the knowledge and description of the
pore network of a porous material (Klobes et al., 1997; Lu et al., 2000;
Moro and Böhni, 2002; Elaqra et al., 2007; Cnudde et al., 2009; Dal Ferro
et al., 2012).
For the measurements carried out in this research a Skyscan 1172 high Experimental
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resolution scanner (Bruker microCT) was used (Figure 6.17).
It is a cone-beam system equipped with a Hamamatsu micro-focus tube
with a focal spot size of about 5 µm and a 12-bit high resolution CCD
detector characterized by a large field of view (4000x2072 pixels) and a
physical pixel size of 8.93 µm.
The probed specimens were 8 mm in diameter cylindrical volumes
cored from the CSM treated soil of Bologna and from each of the six pan-
els produced in Zandvoort. In addition, a further sample taken from a
sand-cement mixture prepared in the laboratory with the same materials
and mix design used at Zandvoort was inspected.
Cores were firstly wrapped with plastic film sheets in order to prevent
eventual moisture loss and then inserted in a rotating cylindrical stage
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Figure 6.17: X-ray µ-CT used for the micro-structural investigation.
between the source and the detector. They were scanned, respectively, at
an energy of 70∗ and 85 kV and at a current of 137∗ and 118 µA, with
an exposure time of 925∗ and 770 ms, a geometrical magnification factor
of about 3.6∗ and 2.3, and a pixel size of 4.9∗ and 7.9 µm.
X-ray radiographs were acquired at angular rotational step of 0.1◦ ∗
and 0.2◦  comprised between 0◦ and 180◦. Additional projections were
collected automatically by the device after 180◦ to avoid artefacts due to
the cone X-ray beam geometry and to provide a correction tool for even-
tual motion artefacts occurred during the measure (thermal correction).
Multiple-frame averaging to increase the signal-to-noise ratio in the
projected images were used. Beam hardening was reduced during data
acquisition shielding the detector with a 0.5 mm thick Al foil able to filter
the lower energies of the polychromatic X-ray spectrum.
Two-dimensional cross-sections were reconstructed using the Skyscan
software package to obtain a stack of at least 600 slices (corresponding to
a height of about 3∗ and 4 mm) corrected from beam hardening and ring
artefacts.
Due to the possible disturbance of the soil structure close to the outer
walls caused by coring, only the central part (7 mm in diameter) of the
specimen, which is deemed to be undisturbed from visual inspection, was
considered for further analyses.
6.4.5 High-resolution scanned section analysis
When pore space properties are needed, each of the previous tests can
be selected in relation to both the level of accuracy and resolution limits
considered suitable for the analysis purposes. However, these types of
∗ Bologna
 Zandvoort
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tests involve very complex and expensive devices and investigate only
small material portions.
In order to study in a simpler and economic way the pore network fea-
tures of a more representative volume of the wet-grab material collected
from panel P40 produced in Zandvoort and cured for almost one year in
a climate room, a new technique was adopted (Secco, 2012).
The method initially consisted in sawing a specimen of d = 37 mm
into slices of about 5 mm in thickness. Five slices were then vacuum-
impregnated (five cycles of impregnation at a depression of 0.9 bar) with
an opaque deep green dyed low viscosity epoxy (epoxy, white and emer-
ald green Phthalocyanine-based dye mixed at 30:2:1 weight proportions)
and completely dried in a laboratory oven for 24 hours at a temperature
of 40◦C.
A water lubricated lapping machine equipped with silicon carbide abra-
sive papers was used until the stabilized soil surface was exposed. The
surface was subsequently polished by rubbing the specimen’s surface
onto a glass sheet covered with a water suspension of micronized sili-
con carbide powder. Since this operation could cause the removal of the
deep green epoxy impregnating the entrained air voids of smaller dimen-
sions, newly exposed micro-voids were again highlighted by filling them
with a pale green finely micronized synthetic eskolaite (Cr2O3) powder.
Finally, the treated surfaces were scanned in 24-bit RGB colour through
a high-resolution scanner at a 4.0 DMax optical density and a 7200x7200
dpi (4x4 µm) optical resolution.

7L A B O R AT O RY R E S U LT S A N D T H E I R
I N T E R P R E TAT I O N
7.1 introduction
In this chapter, the experimental mechanical, hydraulic, microstructural,
and mineralogical laboratory outcomes obtained from the analyses per-
formed on the Bologna and Zandovoort samples collected directly from
the sites are presented and discussed. An analytical formulation for the
estimate of the actual amount of cement introduced into the ground and
reacting effectively with the soil has been further provided.
A Quality Control/Quality Assurance parameter for the assessment of
the degree of mixing achieved in-situ using the CSM technology has been
developed and used in an empirical method for the prediction of the
unconfined compressive strength of CSM treated soils. This procedure,
calibrated for the investigated sites and reported in detail in Section 7.7,
accounts for the effects of several parameters, such as the type of the
natural soil to be improved, the amount and type of cement used for the
treatment, the degree of mixing effectiveness, and the curing time.
Finally, in Section 7.10, a useful tool which seems to be able to describe
the relationship between laboratory and field mixing processes has been
defined.
7.2 total-water-to-cement ratio estimation
One of the most significant parameters affecting the hydro-mechanical
behaviour of stabilized soils is certainly the total-water-to-cement ratio of
the mixture. This parameter is generally much more important than the
original water-to-cement ratio of the binder slurry, since it allows to take
into account both the actual amounts of water and cement present in the
stabilized structure. However, its determination is usually a very difficult
task due to the fact that both these quantities are frequently unknown.
Assuming negligible natural groundwater flow that could flush the
bonding slurry introduced into the trench, the relationship used to evalu-
ate the total-water-to-cement ratio of the mix is given by
wT
c
=
Ww,soil + ζ ·Ww,slurry
ζ ·Wc,slurry
=
γw ·Vw,soil + ζ ·Ww,slurry
ζ ·Wc,slurry
=
γw ·Φ · Sr ·Vw,soil + ζ ·Ww,slurry
ζ ·Wc,slurry (7.1)
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Figure 7.1: Generic composition of a spoil reference volume.
where Ww,soil is the weight of water contained in the soil present in the
slurry-soil mix, Vw,soil is the volume of water in the soil in the slurry-soil
mix, Vsoil,mix is the volume of soil in the slurry-soil mix, ζ is the loss factor
that takes into account the loss of slurry in the spoil material, Φ is the
soil porosity, Sr is the soil degree of saturation, and γw is the water unit
weight.
From Equation (7.1), one can easily realize that both ζ and Vsoil,mix are
unknown quantities. A first approximation relationship for ζ can be de-
rived accordin to Figure 7.1 as
Vspoil = Vair,spoil +Vslurry,spoil +Vsoil,spoil
= Vair,spoil +Vslurry,spoil · (1+ ξ)
= Vslurry,spoil · (1+ ξ)(1+ ς) (7.2)
in which Vspoil is the total volume of spoil produced during the panel
construction, Vslurry,spoil is the volume of bonding slurry present in the
spoil material, Vsoil,spoil is the volume of soil present in the spoil material,
expressed as ξ · (Vslurry,spoil), and Vair,spoil is the volume of air voids in the
spoil material, assumed to be ς · (Vslurry,spoil +Vsoil,spoil).
The quantity ς can be reasonably supposed or, more correctly, deter-
mined from micro-structural analyses carried out on spoil specimens,
whereas ξ can be computed by
ξ =
(1+ ς) · ρspoil − ρslurry
ρw ·Φ · Sr + ρsoil − (1+ ς) · ρspoil cohesive soil (7.3a)
ξ =
(1+ ς) · ρspoil − ρslurry
ρslurry ·Φ+ ρsoil − (1+ ς) · ρspoil granular soil (7.3b)
where ρspoil , ρslurry, and ρsoil are, respectively, the density of the spoil
material, of the slurry, and of the soil. Since
Vslurry = Vslurry,spoil +Vslurry,mix (7.4a)
Vsoil = Vsoil,spoil +Vsoil,mix (7.4b)
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in which Vslurry and Vsoil represent, respectively, the total volume of slurry
injected into the ground during the panel production and the total vol-
ume of treated soil. ζ can be obtained from
ζ = 1− Vslurry,spoil
Vslurry
(7.5)
that, substituted in Equation (7.1), gives wT/c.
The previous formulation can be applied at the end of the panel pro-
duction on the overall amount of spoil material stored at the site (in this
case an average value of wT/c is accepted for the whole panel) or in cor-
respondence to a predefined layer in the panel, in order to investigate the
local effect of the treatment. Nevertheless, in the latter case, the calcula-
tion could not provide reliable results, especially if the one-phase mixing
system is adopted, as the density of the spoil material could not be re-
ferred to the same investigated depth level.
7.3 csm effectiveness evaluation
Several researchers (e.g. Usui, 2002; Larsson, 2005) recommended to in-
clude the influence of the degree of mixing in the estimation of the uncon-
fined compressive strength of mixed soils, normally assumed to denote
the attained level of ground improvement in stabilized materials (see Sec-
tion 2.5.4.5). Unfortunately, mixing quality indicators remain mostly un-
applied, especially in the case of site constructions, due to the difficulty in
selecting significant and easily recordable parameters for the assessment
of the mixing performance.
A more complicated evaluation occurs when CSM and recent devel-
oped technologies based on mixing principles different from the tradi-
tional ones (vertically rotating mixing shafts) are used for DM applica-
tions, since standard QC/QA procedures are still not developed for them.
In particular, due to the modified geometry of the mixing tools, well es-
tablished parameters, such as the blade rotation number, cannot be em-
ployed directly.
Nowadays, CSM rigs, like many other modern machines for DM works,
are customarily equipped with sophisticated monitoring systems that al-
lows continuous measurement of the relevant driving and mixing data
concerning the production. These data are also automatically displayed
in real time to the operator and, in addition, stored in log-files which can
be subsequently elaborated to gather useful interpretations over depth
(Figure 7.2).
Each line of the CSM production log-file contains information regard-
ing the depth below the ground level reached at a specific time during
the construction phases. Other quantities such as the rotational speed of
the mixing wheels, the pumping rate, the total volume of slurry injected,
the torque provided by the hydraulic motors, etc. are further recorded
at the same frequency (ranging between 0.167 Hz to 1 Hz) and applied
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Figure 7.2: Zandvoort: relevant mixing quantities vs. depth corresponding to the
production of panel P40.
to the whole progressively shifting treated soil volume (Figure 7.3). A
time-weighted average relative to the specific depth interval examined is
finally computed.
On the basis on these profiles over depth, a modified blade rotation
number referred to as CSM site mixing quality factor, BCSM, is tentatively
proposed: it represents an estimate of the homogeneity achieved in the
panel accounting for the effect of real site mixing conditions, which differ
very often from those typically characterizing other mixing technologies,
such as auger shafts or laboratory mixers. The CSM site mixing quality
factor is given by
BCSM,i = [(ϕd · Rd,i · td,i) + (Ru,i · tu,i)] nw · nt1000 ·Vi (7.6)
where Rd,i and Ru,i are the average rotational speed (#/min) of the mix-
ing wheels during the penetration and the retrieval phase, respectively,
td,i and tu,i are the total time (min) taken to blend the soil during the
downstroke and the upstroke, respectively, nw is the number of mixing
wheels, nt is the number of teeth per wheel, and Vi is the treated volume
investigated (m3).
All the quantities with the subscript i are referred to a single ith layer
of predefined thickness. The phase factor, ϕd, takes into account the differ-
ent role played by the executive procedure to create the panel, i.e. one-
phase or two-phase system. In the two-phase system, in fact, the cutting
wheels are not mixing any binding slurry with the soil during the pene-
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Figure 7.3: Soil volume treated by the cutter unit.
tration stage and, hence, ϕd is assumed equal to 0.5 (contribution due to
the mechanical disaggregation and loosening of the natural soil). On the
contrary, in the one-phase system the cutting head is injecting a cement
slurry since the beginning and, therefore, ϕd is supposed to be equal to
1 (contribution due to both the mechanical disaggregation/loosening of
the natural soil and the soil-binder mixing action).
7.4 laboratory results
The great part of the research activity was focused on the experimental
laboratory tests performed on the samples collected from two construc-
tion sites visited during the Ph.D. course, i.e. Bologna (see Section 5.11)
and Zandvoort (see Section 5.19).
The CSM jobsite of Bologna was visited at about two year from its
completion, when the excavation of the huge volume addressed to ac-
commodate the new high speed railway station was taking place. Three
blocks of side of approximately 15 cm (Figure 7.4a) were extracted from
an exposed panel at a depth comprised between 8 and 12 m below the
ground level. They were subsequently transported to the laboratory and
stored in an environmental controlled room (T = 25◦C and RH > 95%)
until the test date.
On this date, the blocks were cored with the coring machine depicted in
Figure 7.4b, equipped with two different core drills allowing two possible
diameters, i.e. 37 and 54 mm. Although the 37 mm diameter is generally
used in geotechnical engineering, concerns may arise when large inclu-
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(a) (b)
(c) (d)
Figure 7.4: Samples collected from the construction sites of Bologna and Zand-
voort: (a) one of the approximately cubic blocks retrieved from an
exposed CSM panel at about 10 m below the ground surface at the
site of Bologna; (b) coring machine used for obtaining the 37 and 54
mm in diameter samples; (c) tins filled with the wet-grab mixture
taken at a depth about 2 m from the fresh panels built in Zandvoort;
(d) cored tins.
sions are present in the samples. Therefore, anomalous results coming
from laboratory tests due to such reason have been disregarded.
Normally, the size of the largest clay agglomerates found in the cubic
blocks was about 5 cm, as shown in Figure 7.4a.
The wet-grab material collected from the fresh panels installed in Zand-
voort was poured into metal watertight tins, which were immediately
thereafter sealed and slightly vibrated (Figure 7.4c). They were trans-
ferred and stored up to the test date in the same environmentally con-
trolled room where the Bologna samples were left to cure.
Also in this case, cores of 37 and 54 mm in diameter were obtained
using the equipment presented in Figure 7.4b, by directly coring the ma-
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terial within the tins (Figure 7.4d). Due to the size of the tins (d = 98 mm
and l = 113 mm), only the smaller samples, i.e. those having d = 37 mm,
could be characterized by an aspect ratio of 2. For the 54 mm-diameter
samples, a l/d = 1.5 was assumed. Conversely, samples cored from the
CSM blocks of Bologna were ground in order to ensure an aspect ratio of
1 and 2.
Many other cores were retrieved from the definitive panels created at
the site of Bologna at predefined curing days for QC/QA procedures.
The outcomes of the tests performed on these samples have been kindly
provided for this research by the general contractor.
In the following sections, the experimental mineralogical and micro-
structural findings along with the hydraulic and mechanical results de-
termined for the samples collected from both Bologna and Zandvoort are
described and discussed.
7.5 experimental results obtained from bologna
7.5.1 Mineralogical and micro-structural test results
Several laboratory tests were carried out on the hardened clay-cement
mixture of Bologna after more than 2 years from its production to inves-
tigate the most significant mineralogical and microstructural features of
this material. Thus, small mix volumes were taken from the cemented
blocks and prepared for scanning electron microscopy (the microscope
used was further equipped with an energy dispersive spectrometer), X-
ray powder diffraction, mercury intrusion porosimetry, and X-ray com-
puted micro-tomography (cfr. Section 6.4).
7.5.1.1 SEM test results
Scanning electron micrographs of the clayey soil treated with a binder
content of about 380 kg/m3 and a curing time of more than 2 years are
presented in Figure 7.5.
Figure 7.5a and Figure 7.5c show that many cement hydrates, identified
by typical needle shaped crystals and fibrous structure, form the soil-
cement matrix. These observations were confirmed using the EDS device
(Figure 7.5b and Figure 7.5d - EDS analysis presented in Figure 7.5d refers
to the entire area shown in Figure 7.5c), by which AFm compounds and
ettringite were recognized. In general, the matrix was quite homogeneous
and uniform, even if it was possible to individuate areas in which the
treatment was more or less effective. Small inclusions were detected in the
paste: in particular, Figure 7.5e shows a mineral inclusion surrounded by
the fibrous soil-cement matrix. These considerations were also supported
by chemical analyses performed using the EDS unit (Figure 7.5f).
Figure 7.6 shows 200x magnification BSE and X-ray images of a previ-
ously polished specimen’s surface embedded in an epoxy. The individual
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(a) (b)
(c) (d)
(e) (f)
Figure 7.5: Bologna: SE images of the clayey soil treated with the CSM technol-
ogy: (a) soil-cement matrix; (c) ettringite crystals; (e) mineral inclu-
sion; (b), (d), and (f) EDS analysis.
element density maps for Ca, Si, Al, K, S, Na, and Fe are displayed along
with the BSE image of the same area in the lower corner.
The first step in processing consisted in filtering operations to reduce
the random noise in X-ray images. The median filter was chosen to this
purpose. A false colour representation of the investigated area was ob-
tained combining the element density maps of Ca, Al, and Si (mono-band
images) assumed, respectively, as input for the red, green, and blue colour
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Figure 7.6: Bologna: SEM: X-ray and BSE (lower right) images of the CSM treated
soil specimen surface. Field of view: 590x480 µm.
bands (Figure 7.7). Figure 7.7 clearly allows identification of several small
mineral inclusions (e.g. those composed of calcite - red areas -, quartz -
blue areas -, and K-feldspar - areas coloured with a combination of green
and blue) embedded in the cemented matrix, in which each pixel is char-
acterized by a combination of the three primary colours (RGB from 0 to
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Figure 7.7: Bologna: RGB false colour image of the CSM treated soil specimen
surface: R - Calcium; G - Aluminium; B - Silicon.
255). In order to study more in detail the chemical composition of the
paste, the density distribution maps of Ca, Al, and Si were used to create
2D frequency plots of all possible combinations of grey values between
each pair of elements composing the false colour image in Figure 7.7.
The results are shown in Figures 7.8 and 7.9, which present the 2D fre-
quency plots of Ca-Si and Ca-Al, respectively. In both figures, the higher
the frequency with which a certain grey-value combination occurs, the
brighter the colour is. Relating the maximum grey value (255) of each el-
ement to the weight of the element itself in the chemical composition of
the brightest compounds identified in the false colour map of Figure 7.7
Figure 7.8: Bologna: two dimensional frequency plot of all possible grey-value
combinations between Calcium and Silicon obtained from the RGB
false colour image of the CSM treated soil specimen surface.
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Figure 7.9: Bologna: two dimensional frequency plot of all possible grey-value
combinations between Calcium and Aluminium obtained from the
RGB false colour image of the CSM treated soil specimen surface.
(calcite for Ca, quartz for Si, and muscovite for Al), it was possible to esti-
mate a mean value for the Ca/Si and Ca/Al ratios of the cemented matrix.
They were found equal to 2.0 and 4.9, respectively. Although the Ca/Si
ratio agrees well with the range proposed for Portland cement (Taylor,
1997), the Ca/Al ratio seems to be somewhat lower if compared with the
values considered customary for cement pastes. The reason is probably
due to the presence of the original clayey soil minerals spread throughout
the matrix and increasing significantly the amount of Al in the mixture.
Finally, the BSE image of the polished surface provided further infor-
mation regarding the micro-porosity and ultramicro-porosity of the spec-
imen. In this case, the resolution achieved was about 0.5 µm. At first, the
BSE image was segmented by applying a grey-level threshold according
to its histogram shape and by iteratively comparing the original and the
binarized image obtained. From the pore structure so individuated, pores
smaller than 2 pixels (1 µm) were filtered, being possibly affected by mis-
interpretation errors. The result of this processing along with the original
BSE image is reported in Figure 7.10.
The PSD curve reconstructed from a 2D particles analysis of the seg-
mented image and its derivative curve are presented in Figure 7.12. The
total porosity computed was about 5.3% and the critical pore size, rcrit
(interpreted as equivalent sphere radius), associated with the inflection
point of the cumulative PSD curve (peak of the derivative curve), was
approximately 1.9 µm.
SEM analyses have shown a soil-cement matrix quite homogeneous,
well cemented, and characterized by a low value of total porosity. Fur-
thermore, micro- and ultramicro-pores seem to be, essentially, not com-
municating.
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(a)
(b)
Figure 7.10: Bologna: individuation of the pore structure from a BSE image of the
CSM treated soil specimen’s surface: (a) BSE image; (b) segmented
image.
7.5.1.2 XRPD test results
Figure 7.11 illustrates two diffraction patterns relative to the untreated
and treated soil specimens of Bologna. In order to have a more readable
graph, the interval of 2θ values has been limited up to 42◦.
A qualitative analysis of the untreated soil allowed to conclude that dif-
ferent minerals were present in the specimen, i.e. calcite, quartz, dolomite,
feldspars, illite, muscovite, chlorite, kaolinite, confirming what was di-
rectly observed using SEM. The low and wide bump in the first part of
the diffractogram in Figure 7.11 (between 6◦ and 9◦ 2θ) was tentatively
attributed to the presence of mixed-layer clayey minerals, like smectite,
probably derived from the injection of the bentonite suspension during
the penetration phase of the CSM unit to improve the disaggregation and
fluidization of the soil. Unfortunately, the occurrence of this type of min-
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Figure 7.11: Bologna: diffraction patterns from XRPD analysis performed on un-
treated and treated clayey soil of Bologna. Chl: chlorite; Ilt: illite; Ms:
muscovite; Kln: kaolinite; Qz: quartz; Cal: calcite; Fsp: feldspar; Dol:
dolomite; ↓ = ettringite; ⇓ = monocarbonate; ∇ = C3S/C2S.
erals made a quantification of the phases in the sample quite hard to be
carried out.
Considering the diffraction pattern of the treated clay sample, it was
noted that, apart from the original soil minerals, several new hydration re-
action products were identifiable, i.e. ettringite, monocarbonate (C4ACˇH11),
and traces of unreacted clinker phases (C2S and C3S). It should be empha-
sized that the main cement reaction product, C-S-H, which is a poorly
crystalline phase, is usually hardly recognizable in diffractograms like
those corresponding to such a complex system.
All these considerations confirm the results previously established from
SEM and, in particular, the effectiveness of the treatment performed.
7.5.1.3 MIP test results
A pore-size distribution curve different from that determined from SEM
image analysis was obtained by MIP (Figure 7.12). The curve shows a
total porosity equal to 54.2%, much greater than that estimated from SEM
(only 5.3%).
Furthermore, it is important to notice that the most part of the MIP
cumulative porosity can be classified as nano-porosity (or crypto-pores,
according to Cameron and Buchan 2006), which is not detectable using
SEM or other image-based devices.
The evaluated total porosity value is in good agreement with the poros-
ity Φ = 59.3% given by
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Φ =
γsat
γw · (1+ w) · w (7.7)
where γsat and w represent, respectively, the unit weight and the water
content of the CSM treated clayey material. The latter was computed by
oven drying at 105◦C the pre-saturated CSM sample at standard atmo-
sphere until constant weight was achieved. This standardized method
(ASTM Standard D2216, 2010) is widely used for measuring water content
and porosity in soils and cement-based materials and allows to remove
all the evaporable water from the sample, except that chemically bound
(Chew et al., 2004; Schaetzl and Anderson, 2005). Hence, the difference
between the two previous porosity values can be related to the possible
presence of isolated or intra-elemental pores (Collins and McGown, 1974)
not accessible to the mercury, even at the highest pressure applied.
Figure 7.12a shows PSD curves normalized by their total porosity. Al-
though SEM and MIP curves are similar in shape, they are offset by about
two or three orders of magnitude in scale, with the MIP curve covering a
wider range than the image-based curve (Lange et al., 1994).
In Figure 7.12b a direct comparison is made between PSD curves ob-
tained by using different techniques. As no pore sizes greater than 10 µm
were detected from the BSE image depicted in Figure 7.10, the SEM PSD
curve certainly underestimates the micro-porosity of the sample. This is
mainly due to the limited statistical representativeness provided by the
study of only one image of the polished surface. In this respect, several
researchers in the literature observed that a number of 20-30 BSE images
can be considered sufficient to adequately represent the pore space of
the inspected material (e.g. Solymar and Fabricius, 1999; Vogel and Roth,
2001; Wong et al., 2006a, 2012).
Figure 7.12b also shows how the MIP PSD curve, after an increasing
trend similar to that characterizing the SEM curve, suddenly deviates
approaching 2 µm and reaches 0.2 µm with only a slight increase in cu-
mulative porosity. This unexpected behaviour is indeed associated with
an artefact due to the non-perfectly smoothed match between the exper-
imental data measured by the first and the second porosimeter used for
the test (Parisatto, 2011). Therefore, based on SEM observations, a more
gradual growth of the MIP curve towards smaller radii seems to be more
reasonable. From 0.2 µm, corresponding to a cumulative porosity of about
2.5%, the MIP PSD curve starts to increase steeply up to its final value
(54.2%), highlighting that the greater part of the treated clayey soil poros-
ity consists of crypto-pores. The critical pore size calculated through the
Washburn equation (Equation (6.2)) is equal to 0.045 µm and can be easily
recognized from the radius relative to the peak value of the MIP deriva-
tive curve reported in Figure 7.12c.
However, the derivative distribution appears to be at least bi-modal,
with another critical size around 2.6 µm, comparable with that one found
by SEM BSE image processing. Bi-modal PSDs are typical of natural soils,
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(a)
(b)
(c)
Figure 7.12: Bologna: pore size distribution curves: comparison between (a) nor-
malized PSD curves, (b) PSD curves, and (c) volume log radius dis-
tributions obtained from different techniques.
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especially when composed of a mixture of sand, silt and clay (D’Acqui
et al., 1993; Dal Ferro et al., 2012). Garcia-Bengochea et al. (1979), for silty
clays having similar grain size distributions to the natural soil treated in
Bologna, found the first mode ranging between 1 µm and 10 µm and the
second placed around 0.1 µm, which are surprisingly close to those deter-
mined in this study. Thus, it can be supposed that the pore structure of
the CSM material is still strongly influenced by the presence of the natu-
ral clay particles finely dispersed within the matrix, even if well cemented.
This coherently agrees with the previously illustrated outcomes resulting
from SEM and XRPD.
7.5.1.4 X-ray µ-CT test results
An example of cross-sectional reconstructed µ-CT slice and the whole
stack of slices composing the investigated sample are presented in Figure
7.13. A portion of the 3D dataset has been digitally removed to show the
internal structure of the CSM specimen (Figure 7.13b). The pore space
only is reported in Figure 7.13c.
From both 2D and 3D reconstructions a large pore in the sample can
be detected (black area near the centre of the 2D and 3D reconstructions).
To note the light grey elliptical shape (ellipsoidal in 3D) surrounding the
pore, which can be possibly related to a natural clay inclusion in the ce-
mented matrix. Since the X-rays generated from the source are absorbed
by the specimen according to the atomic number of its elements, other dis-
tinct features are clearly recognizable in the paste as, for instance, small
organism exoskeletons, heterogeneous mineral grains, and several very
highly absorbing particles (brightest areas) of metallic nature. It is ques-
tionable if these metallic grains were contained in the original soil or
they are steel fragments left in-situ by the CSM unit during the panel
production. Apart from these inclusions, the reconstructed images show
(Figure 7.13a and Figure 7.13b) a compact and apparently rather homoge-
neous cementitious matrix.
The pore fraction was determined by accurately thresholding on the
basis of the grey value histogram, according to Wong et al. (2006b), and
iteratively comparing the segmented images with the original µ-CT slices
to accomplish the best results. It should be pointed out that significant
errors may be introduced during segmentation. Due to the insecure repre-
sentation of small objects and in order to limit the influence of the partial
volume effect (Klobes et al., 1997; Wong et al., 2006a; Vogel et al., 2010),
only the pores greater than 10 voxels in 3D space were taken into ac-
count for the subsequent analyses. Furthermore, a 3-voxel mathematical
morphology operator closing (Serra, 1983) was applied to the stack to fill
misclassified voxels inside pores (Dal Ferro et al., 2012).
3D porosity of the specimen was calculated by dividing the number
of binarized void voxels by the total volume of interest (VOI) using the
Skyscan software CTAn (v.1.12). Its value was found equal to 2.80%. Vol-
ume and surface measurements were based on the marching cubes vol-
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(a)
(b)
(c)
Figure 7.13: Bologna: selected region of interest from a CSM treated soil core: (a)
2D reconstructed slice, (b) 3D representation of the specimen and (c)
of the pore space. The stack is composed of 600 slices representing
a cylinder of 7 mm in diameter and about 4 mm in height.
ume model (Lorensen and Cline, 1987). From a 3D individual particles
analysis, the volume, the surface, and the equivalent sphere radius of
each pore within the specimen were computed, allowing the definition
of a new PSD curve reported in Figure 7.12. The shape of this curve is
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Figure 7.14: Bologna: comparison between PSD curves from µ-CT based on dif-
ferent models for the definition of pore radius.
similar to those characterizing the curves obtained from SEM and MIP,
but it is shifted towards larger pore radii. Moreover, the total cumulative
porosity is much lower with respect to those achieved with the other tech-
niques. These significant differences are essentially due to the resolution
provided by µ-CT along with the image post-processing carried out in or-
der to remove speckles smaller than 10 voxels, which limited the smallest
pore detectable and automatically involved a reduction in the measured
total porosity of the sample.
The critical pore radius deduced from the peak of the µ-CT volume log
radius distribution (Figure 7.12b) was about 10 µm, significantly greater
than those found from SEM and MIP. If for SEM the reason of this mis-
match can reasonably be associated with a poor statistical representative-
ness of the BSE image investigated, for MIP it can be due to the ink-bottle
effect and to the disputable hypothesis of fully accessible cylindrical and
non-intersecting pores on which Equation (6.2) is founded.
To examine the influence of the assumption made for the derivation
of the pore size in the µ-CT PSD curve, the 3D morphological size dis-
tribution was also constructed using the hydraulic radius, RH, of each
disconnected pore, expressed as
RH =
3Vp
Sp
(7.8)
where Vp and Sp are the volume and the surface of the pore, and us-
ing tools of mathematical morphology (Serra, 1983), i.e. individuating
the so-called "structure thickness" of the pore space. The structure thick-
ness method starts with a "skeletonisation" identifying the medial axes
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(a)
(b)
Figure 7.15: Bologna: shape factors from 3D individual object analysis per-
formed on µ-CT segmented images: (a) S3D distribution derived for
each pore larger than 50 voxels detected within the samples, (b) fre-
quency histogram showing the prevalence of regular pores.
of all the binarized structures contained in the selected volume of inter-
est. Then, the "sphere-fitting" local thickness evaluation is made for all
the voxels lying on these axes (Skyscan, 2009). This method is especially
powerful when complex structures have to be characterized.
Figure 7.14 shows the PSD curve traced assuming different models for
the definition of pore radius. It is interesting to note how the PSD curve
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elaborated using hydraulic radii is effectively shifted on the left and nar-
rowed with respect to that one built on equivalent sphere radii. Neverthe-
less, the critical pore sizes are quite close to each other, being respectively
6.80 µm and 10.01 µm. The pore thickness structure curve lies in between
of these curves and has an intermediate critical pore size of 7.40 µm. This
means that micro-, meso-, and macro-pores present in the CSM matrix
are prevalently composed of disconnected objects having nearly spheri-
cal shape (RH is equal to the equivalent sphere radius for a sphere) and,
therefore, they can reasonably be regarded as air voids originated during
the mixing process for the production of the CSM panel.
This significant result has been confirmed by computing for each pore
its characteristic 3D shape factor, S3D, according to Equation (4.96). S3D
was estimated only for pores considered sufficiently resolved for this type
of analysis, i.e. those having a volume greater than 50 voxels (Dal Ferro
et al., 2012). The outcomes of this computation are presented in Figure
7.15. Beyond 70% of the micro-, meso-, and macro-pores within the speci-
men are classifiable as regular pores, while the remaining part as irregular.
Only 2 of them are of the elongated type. This agrees with the previous
findings.
Although one of the main advantages in using X-ray µ-CT is strongly
related to the possibility of reconstructing and processing the complete
3D inner structure of a sample, useful information can be further acquired
analysing single 2D reconstructed slices (Münch and Holzer, 2008). To val-
idate this statement, the whole dataset of 2D slices and five distinct slices
along the specimen were selected and investigated to define PSD curves
and shape factors to be compared with the 3D results (Figures 7.12 and
7.15). From Figure 7.12a, Figure 7.12b, and Figure 7.12c, it is clear how the
PSDs of the single slices led to different total porosities. However, the PSD
curves derived from the whole 2D dataset and from slice "Tomo #1075"
agree very well with the 3D PSD. On the contrary, Figure 7.15b shows
that there is a little, but significant difference, between the pore shape
classification obtained taking into account 3D or 2D data. Hence, even if
shape factors are slightly different, it is possible to observe, in this case,
how the information given by a reasonable number of 2D reconstructed
slices (at best the whole 2D dataset) can be considered equivalent to those
collected from a 3D analysis of the sample, confirming what suggested
by Münch and Holzer (2008) (Wong et al., 2012).
Finally, Figure 7.16 proposes a comparison between the pore size clas-
sifications performed on the MIP and µ-CT (both 3D and 2D) PSD curves.
In this figure, it is noticeable the small difference between the 2D and 3D
µ-CT classification, which is mainly attributed to the high similarity of
the corresponding PSDs (Figure 7.12). Conversely, the classification con-
ducted on the MIP PSD shows that almost 95% of the probed sample
porosity is composed of crypto-pores. This so pronounced discrepancy is
directly associated with the ink-bottle effect and with the systematic mis-
interpretation and underestimation of coarser pores and overestimation
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Figure 7.16: Bologna: classification of pores based on equivalent sphere diameter
(according to Cameron and Buchan 2006).
of finer pores operated by MIP in comparison with image analysis, espe-
cially in cement-based materials (Lange et al., 1994). In fact, the intrusion
of mercury into pores depends strongly on their connectivity and access
to the external surface (Farber et al., 2003; Cnudde et al., 2009), which
are features usually smaller than the instrumental resolution achievable
with µ-CT and, thus, not detectable by this device. So, even if MIP is
affected by several shortcomings, it still remains a valuable investigation
method, whose results, if correctly interpreted, can provide an effective in-
sight into the pore structure of materials. On the other hand, µ-CT image-
based analyses are based on direct observation, make no assumptions,
and have the potential to accurately describe the spatial characteristics
of pore clusters with the only limitation due to the available resolution.
This limitation can be partially overcome coupling MIP and X-ray µ-CT
with SEM, that is currently able to recognize features up to hundreds of
nano-metres.
All relevant results deduced by µ-CT together with those determined
by SEM and MIP are reported in Table 7.1.
7.5.2 Mechanical and hydraulic test results
Unconfined compression tests carried out on the cored specimens from
Bologna showed pronounced brittle stress – strain relationships, denoted
by sharp strength peaks at small failure deformations, generally com-
prised between 0.6 - 1.0% (external measurements), followed by marked
softening behaviours.
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The failure was sudden and characterized by vertical fractures formed
throughout the specimen, as shown in Figure 7.18a and Figure 7.18b,
which reflect, respectively, the failure conditions achieved in a 37 mm
in diameter and l/d = 2 sample and in a 54 mm in diameter and l/d = 1
sample. The results of the unconfined compression tests performed are
summarized in Table 7.2, where it can be noticed that specimens with
l/d = 1 provided two/three times higher strengths than those with
l/d = 2 (collected from panels having about the same α), especially at
shorter curing time. For longer curing times, the ratio between the UCS
of specimens with l/d = 2 (UCScyl) and l/d = 1 (UCScub) falls in the
range 0.75 to 0.85, similarly to what customarily encountered in concrete
testing (ACI Committee 214, 2010). Correction factors according to those
proposed above are typically applied to compare UCS from specimens of
different d and l/d.
UCS was found to increase reducing d, as can be observed from the re-
sults relative to panel 27.V.10. Similar behaviours have been discussed in
the literature (e.g. Pousette et al., 1999; Åhnberg et al., 2001), particularly
when the mixing quality was poor (Larsson, 2001).
Table 7.2 shows also the role of the amount of binder introduced into
the ground (expressed in terms of cement factor, α) in increasing the UCS
of the stabilized clay (e.g. Chew et al., 2004; Marzano et al., 2009). More
specifically, the average UCS of trial panel 1-4 (about 2.0 MPa, α ≈ 400
kg/m3) was lower than that measured at the same curing time in trial
panel 1-5 (about 2.3 MPa, α ≈ 500 kg/m3). Nevertheless, higher UCS
values were determined in trial panel 2-D rather than in trial panels 1-4,
1-5, and 1-8, even if the former was installed with a lower α and tested
at shorter tcur. This can reasonably be due to the longer time taken for
mixing panel 2-D and to the corresponding higher BCSM.
According to Åhnberg (2004), soil saturation, required for permeability
tests on specimens with tcur > 2.5 years, seems to lead to smaller UCS
values.
Finally, unconfined compressive strengths presented in Table 7.2 (espe-
cially those obtained from specimens with l/d = 2 at tcur = 40 days)
appear in agreement with the results found by Ganne et al. (2010), who
estimated an average UCS at 28 curing days equal to 1.7 MPa for clayey
soils treated with the CSM system.
Figure 7.17 depicts the secant stiffness Es,30 (calculated on the stress-
strain curve at 30% of the failure stress for specimens with d = 83 mm
and l/d = 2) as a function of the UCS of the improved soil, as suggested
by many researchers (e.g. Saitoh et al., 1996; Fang et al., 2001). To notice
the almost linear increase of Es,30 with UCS, being the 5% and 95% fractile
of a log-normal distribution characterized by the following equations:
Es,30,min = 680 UCS (7.9a)
Es,30,max = 1960 UCS (7.9b)
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Table 7.2: Bologna: average unconfined compressive strengths ob-
tained from specimens at different curing time.
Panel
tcur α d l/d UCSav CV
(days) (kg/m3) (mm) (-) (MPa) (%)
Trial 1-2 38-42 320-417 83.0 1 5.01 35.7
Trial 1-3 36-43 363-406 83.0 1 5.81 14.7
Trial 1-4 41 ≈ 400 83.0 2 2.04 16.8
Trial 1-5 40 ≈ 500 83.0 2 2.28 22.2
Trial 1-6 34 458-517 83.0 1 7.43 12.0
Trial 1-8 41 ≈ 500 83.0 2 2.19 26.5
Trial 2-A 12-14 ≈ 300 82.0 2 1.77 26.5
Trial 2-D 14 ≈ 350 82.0 2 2.73 21.6
27.V.10 ≈ 950 ≈ 378 54.5 2 6.12 21.7
27.V.10 ≈ 950 ≈ 378 37.5 2 9.05 15.8
27.V.10 ≈ 1150 ≈ 378 54.5 1 8.23 1.0
27.V.10 ≈ 1150 ≈ 378 37.5 1 8.11∗ 3.3
27.V.10 ≈ 1150 ≈ 378 37.5 1 10.82 -
∗ permeability test performed before UC test
 only one sample available
Figure 7.17: Bologna: relationship between Es,30 and UCS at 40 curing days.
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(a) (b) (c)
Figure 7.18: Bologna samples at failure: unconfined compression tests on (a) a
sample with d = 37 mm and l/d = 2 and (b) a sample with d = 54
mm and l/d = 1; (c) splitting test on a 37 mm in diameter specimen.
The previous relationships are consistent with those proposed by Ganne
et al. (2010), who carried out tests on more than 100 specimens with d
between 85 mm and 115 mm and l/d = 2.
According to Okumura (1996), the indirect tensile strength of the treated
clay was found to range from 0.1 to 0.25 UCS. These ratios are somewhat
similar to those observed testing concrete and cement-based materials
(Huang and Airey, 1998; Koseki et al., 2005). It should be worth notic-
ing that the formation of the expected vertical diametrical fracture was
evident in every investigated specimen (Figure 7.18c) and no problems
occurred during tests.
The results of permeability tests are summarized in Table 7.3. It is inter-
esting to note the very low permeability achieved in the mixed soil even
under very high hydraulic gradients, thus suggesting the possible use of
CSM panels to keep excavations dry or prevent seepage in polluted soils
(Bruce, 2000; Al-Tabbaa, 2005).
Table 7.3: Bologna: permeability test results.
Spec. d l tcur i UCS k
ID (mm) (mm) (days) (-) (MPa) (m/s)
B6s 37.4 77.2 ≈ 950 259 - 2.57 · 10−11
B11s 37.3 38.2 ≈ 950 30∗ 7.92 2.61 · 10−11
B12s 37.9 37.7 ≈ 950 302 8.30 2.75 · 10−11
∗ASTM Standard D5084 (2010)
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7.6 experimental results obtained from zandvoort
Six CSM panels were produced in Zandvoort by slightly changing, with
respect to the planned construction sequence, the withdrawal speed of
the cutter unit along the last 6 m during upstroke (see Section 5.19). Sev-
eral wet-grab samples were retrieved from these panels, which have been
identified in the following by the labels "P37", "P38", "P39", "P40", "P41",
and "P44". Further samples were prepared in the laboratory by mixing the
natural sandy soil collected from the site with the same cement used for
production, in accordance with the treatment parameters describing the
installation of panel P40. For this reason, laboratory prepared samples is
referred hereafter as "P40-LAB".
Besides the notable information concerning the behaviour of sandy soil
improved with the CSM technique, the comparison between results de-
duced from tests performed on field and laboratory mixed samples al-
lowed to understand the mixing effectiveness of the CSM and laboratory
mixing procedures and to develop a new mixing index which actually
seems to be able to account for the energy transferred to the soil during
a generic mixing process.
7.6.1 Mineralogical and micro-structural test results
An experimental programme similar to that adopted in analysing sam-
ples collected from the site of Bologna was carried out on the wet-grab
cores of Zandvoort. In particular, small volumes taken from a wet-grab
core relative to panel P40 were subjected to scanning electron microscopy,
X-ray powder diffraction, mercury intrusion porosimetry, and X-ray com-
puted micro-tomography.
Furthermore, an innovative microscopical technique recently developed
to study porosity and other morphological features of cementitious mate-
(a) (b)
Figure 7.19: Zandvoort: SEM: (a) SE image of the cemented matrix; (b) EDS anal-
yses on two selected spots.
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(a)
(b)
(c)
Figure 7.20: Zandvoort: SEM: (a) SE image of a sand grain immersed in the ce-
mented paste; (b) BSE image of the same area; (c) EDS analyses on
two selected spots of the surface.
rials was used on polished cross-sections obtained by sectioning a 37 mm
in diameter specimen from panel P40.
7.6.1.1 SEM test results
A typical SE micrograph of the cemented paste in the correspondence to
a broken surface of a sample taken from panel P40 is depicted in Fig-
ure 7.19a. Punctual chemical analyses were conducted using an EDS de-
vice (Figure 7.19b). Both visual and chemical inspection results confirmed
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(a) (b)
Figure 7.21: Zandvoort: SEM: (a) BSE image of the polished surface of the speci-
men showing several GGBF slag grains at almost one year from the
construction of the panels; (b) corresponding EDS analysis.
the degree of cementation attained in the natural sand through the forma-
tion of the main cement hydration products, like AFm compounds (point
A) recognizable by their platy shaped crystals embedded in a C-S-H fi-
brous and spongy matrix (point B). In the EDS spectrum of point A, some
Cl was detected and associated with the presence of residual epoxy resin.
By combining morphological (SE image) and compositional informa-
tion (BSE image and EDS analyses), a more detailed study of the stabi-
lized soil phases was also possible. An example of this combined inves-
tigation is shown in Figure 7.20, which presents a quartz sand grain im-
mersed in a rather homogeneous cemented paste. Even if in the SE image
of Figure 7.20a no evident differences in the hydrated paste are revealed,
in the corresponding BSE image (Figure 7.20b) the mineral inclusion can
be clearly distinguished and, finally, chemically identified by means of
localized EDS analyses (Figure 7.20c).
In addition, several BSE images of the polished surface of the speci-
men from panel P40 were acquired to study the homogeneity and the
degree of hydration of the treated soil. More specifically, in Figure 7.21
small pieces of ground granulated blast furnace (GGBF) slag (point A)
can be easily individuated from their angular morphology characterized
by sharp edges. Since anhydrous GGBF slag are brighter than hydrated
GGBF slag, the darker ring surrounding the grains can be reasonable due
to the ongoing hydration reactions, confirming the participation of this
supplementary mineral addition in the reaction process.
Figure 7.22 shows 200x magnification BSE and X-ray images of a pre-
viously polished surface of a specimen from panel P40. The individual
element density maps for Ca, Si, Al, K, Na, Fe, and Cl are displayed
along with the BSE of the same area in the lower corner.
The first step in processing was consisted in filtering operations to re-
duce the random noise in X-ray images. A median filter with a radius of
1 px was chosen to this purpose.
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Figure 7.22: Zandvoort: SEM: X-ray and BSE (lower right) images of the CSM
treated soil specimen surface. Field of view: 590x480 µm.
A false colour representation of the investigated area was obtained com-
bining the element density maps of Ca, Al, and Si (mono-band images)
assumed, respectively, as input for the red, green, and blue colour bands
(Figure 7.23). Figure 7.23 clearly allows identification of several small min-
eral inclusions (e.g. those composed of calcite - red areas -, quartz - blue
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Figure 7.23: Zandvoort: RGB false colour image of the CSM treated soil specimen
surface: R - Calcium; G - Aluminium; B - Silicon.
areas -, and K-feldspar - areas coloured with a combination of green and
blue) embedded in the cemented matrix, in which each pixel is associated
with a particular combination of the three primary colours (RGB from 0
to 255).
In order to examine more in detail the chemical composition of the
paste, the density distribution maps of Ca, Al, and Si were used to create
2D frequency plots of all possible combinations of grey values between
each pair of elements composing the false colour image in Figure 7.23.
The results are shown in Figures 7.24 and 7.25, which present the 2D
frequency plots of Ca-Si and Ca-Al, respectively.
Figure 7.24: Zandvoort: two dimensional frequency plot of all possible grey-
value combinations between Calcium and Silicon obtained from the
RGB false colour image of the CSM treated soil specimen surface.
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Figure 7.25: Zandvoort: two dimensional frequency plot of all possible grey-
value combinations between Calcium and Aluminium obtained
from RGB false colour image of the CSM treated soil specimen sur-
face.
In both figures, the higher the frequency with which a certain grey-
value combination occurs, the brighter the colour is. Relating the maxi-
mum grey value (255) of each element to the weight of the element itself
in the chemical composition of the brightest compounds identified in the
false colour map of Figure 7.23 (calcite for Ca, quartz for Si, and corun-
dum for Al), it was possible to estimate a mean value for the Ca/Si and
Ca/Al ratios of the cemented matrix, which were found equal to 2.1 and
1.6, respectively. Even though the computed Ca/Si ratio agrees well with
the range proposed for Portland cement (Taylor, 1997), the Ca/Al ratio
seems to be somewhat low if compared with the values considered typi-
cal for OPC pastes. The reason is probably owing to the high amount of
GGBF slag originally present in the special cement used at the site. A con-
firmation of this hypothesis was obtained from X-ray diffraction analyses
on the dry cement powder.
Scatter plots provide also qualitative information regarding the preva-
lent nature of the treated paste, being each area of these diagrams closely
related to specific ratios between pairs of chemical elements.
7.6.1.2 XRPD test results
Figure 7.26 delineates a comparison between diffraction patterns relative
to specimens of untreated sandy soil, stabilized soil collected from panel
P40 at long curing time, and cement paste at five curing days, prepared in
the laboratory using the same special cement used at the jobsite. In order
to have a more readable graph, the interval of 2θ values has been limited
up to 35◦.
A qualitative analysis of the untreated and treated soil shows the diffrac-
tograms clearly dominated by the peaks attributed to the sand phases, i.e.
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Figure 7.26: Zandvoort: diffraction pattern from XRPD analysis performed on
the natural sand of Zandvoort, on the treated soil at long curing
time, and on a hydrated cement paste at five days. Qz: quartz; Cal:
calcite; Fsp: feldspar; E: ettringite; CH: portlandite; AFm: aluminate-
ferrite-mono phases.
quartz (Qz.), feldspars (Fsp.), calcite (Cal.). Other minor phases such as
muscovite and illite have been detected. In the figure, the typical cement
hydration products are further highlighted, in particular those associated
with portlandite (CH) and hydrated aluminate phases (AFm), confirming
what was directly observed using SEM. The identification of C2S/C3S
is rather uncertain. Other distinct peaks proved the presence Vaterite
(CaCO3), a phase which is generally not common in hydrated cement
pastes. Contrary to the results deduced from the hydrated cement paste,
no ettringite can be noticed from the diffraction pattern of the treated
soil. This is probably due to the progressive release of alumina during
the hydration process, which lowered the amount of Aft phases in favour
of AFm phases (Taylor, 1997).
Unfortunately, the main cement reaction product, C-S-H, was not rec-
ognized in the treated soil diffractogram, possibly due to its amorphous
nature.
All these considerations confirm the outcomes previously illustrated
for SEM and the effectiveness of the in-situ treatment.
7.6.1.3 MIP test results
MIP tests performed on wet-grab samples collected from each of the six
panels produced in Zandvoort provide the pore size distribution curves
presented in Figure 7.27a. These curves show total porosities ranging be-
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(a)
(b)
Figure 7.27: Zandvoort: MIP: (a) PSD curves obtained from field mixed speci-
mens and (b) corresponding derivative curves.
tween 27.86% and 33.29% (Table 7.4), with the higher values correspond-
ing to panels constructed following the standard design procedure (P37,
P44).
Total porosity values are in good agreement with the porosities given
by Equation (7.7) and are also reported in Table 7.4. The difference be-
tween these values and those obtained from MIP can be connected with
the probable presence of isolated or intra-elemental pores (Collins and
McGown, 1974) not accessible to the mercury even at the highest pres-
sure applied.
PSD curves in Figure 7.27a are characterized by a significant entrap-
ment of mercury, denoted by a high cumulative porosity observed at
the end of the tests, when atmospheric pressure was reached (hysteresis
curves). According to Moro and Böhni (2002), the entrapment parameter
χ, defined in Equation (6.4), can be directly related to the connectivity of
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the pore network and to the ink-bottle effect. χ values between 0.44 and
0.47 were evaluated.
After a gradual increase in cumulative porosity, the PSD curves of Fig-
ure 7.27a, especially that obtained from panel P37, show a sudden devia-
tion approaching 20 µm. This unexpected behaviour is associated with an
artefact due to the non-perfectly smoothed match between experimental
data measured using different dilatometers.
Finally, it is worth noticing that the most part of the cumulative porosi-
ties deduced from Figure 7.27a can be classified as nano-porosity (or
crypto-porosity, according to Cameron and Buchan (2006)), which is nor-
mally not detectable using image-based techniques. The percentages of
each pore class for each type of specimen are reported in Table 7.5 along
with the critical pore sizes, rcrit, computed from the Washburn equation
(Equation (6.2)). These characteristic sizes can be also easily recognized
from the radius relative to the maximum peak value of the MIP derivative
curves reported in Figure 7.27b.
The derivative distributions seem to be at least bi-modal, with the first
critical size placed around 0.025 µm and the second mode ranging be-
tween 100 and 200 µm. As already mentioned above, bi-modal PSDs are
typical of natural soils, especially if composed of a mixture of sand, silt
and clay (D’Acqui et al., 1993; Dal Ferro et al., 2012). Thus, the pore struc-
ture of the CSM material can be considered still strongly influenced by
the presence of the natural sand particles dispersed within the matrix,
even when well cemented. This coherently agrees with the previous re-
sults obtained from SEM and XRPD.
7.6.1.4 X-ray µ-CT test results
An example of X-ray µ-CT reconstruction is presented in Figure 7.28,
where a cross-sectional slice, the whole stack of slices composing the in-
vestigated specimen, and the corresponding pore space are reported for a
small core from panel P40 (Figure 7.28a, Figure 7.28b, and Figure 7.28c).
Since the X-rays generated from the source are absorbed by the speci-
men according to the atomic number of its elements, distinct features can
be detected in the paste such as pieces of seashells, heterogeneous min-
eral grains, and several very highly absorbing particles (brightest areas)
of metallic nature. It is questionable if these metallic grains were parts of
Table 7.4: Zandvoort: total porosities of field treated soil samples obtained
using different approaches.
Panel P37 P38 P39 P40 P41 P44
MIP 31.81% 29.19% 27.86% 28.69% 28.01% 29.24%
Eq. (7.7) 36.99% 34.57% 34.39% 34.01% 35.75% 35.83%
µ-CT 8.04% 3.27% 3.79% 3.12% 2.84% 4.70%
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Table 7.5: Zandvoort: summary of the most relevant results obtained from PSDs
derived using different testing techniques.
Test
Critical Crypto- U-micro- Micro- Meso- Macro-
radius pores pores pores pores pores
(µm) (%) (%) (%) (%) (%)
MIP-P37 0.019 78.55 9.12 3.45 0.88 7.99
MIP-P38 0.020 83.54 7.78 4.25 0.00 4.44
MIP-P39 0.040 79.54 14.18 2.58 0.97 2.73
MIP-P40 0.027 82.26 9.52 3.98 1.56 2.68
MIP-P41 0.033 90.32 5.63 1.20 0.23 2.63
MIP-P44 0.028 87.13 6.76 0.93 0.87 4.31
µ-CT-P37 8.04 0.00 0.00 26.85 27.72 45.43
µ-CT-P38 18.40 0.00 0.00 66.13 13.57 20.33
µ-CT-P39 17.65 0.00 0.00 49.95 17.32 32.74
µ-CT-P40 18.26 0.00 0.00 63.86 16.50 19.61
µ-CT-P41 16.62 0.00 0.00 68.35 12.35 19.31
µ-CT-P44 22.26 0.00 0.00 56.07 31.27 12.67
µ-CT #2965 13.84 0.00 2.27 84.71 9.30 3.73
µ-CT #3065 12.62 0.00 3.17 85.60 4.36 6.90
µ-CT #3165 11.15 0.00 3.08 78.76 7.37 10.79
µ-CT #3265 13.56 0.00 3.09 70.06 6.47 20.38
µ-CT #3365 15.69 0.00 3.11 70.44 6.20 20.24
µ-CT-2D 12.62 0.00 2.10 78.47 5.64 13.80
Scan #1 151.16 0.00 0.00 1.11 11.81 87.07
Scan #2 312.34 0.00 0.00 1.80 15.85 82.35
Scan #3 138.68 0.00 0.00 1.06 13.22 85.72
Scan #4 278.23 0.00 0.00 1.14 10.45 88.44
Scan #5 185.39 0.00 0.00 1.35 13.67 84.95
the original soils or are steel fragments left in-situ by the CSM unit during
the panel production.
The pore fraction was assessed by accurately thresholding on the basis
of the grey value histogram, according to Wong et al. (2006b), and itera-
tively comparing the segmented images with the original µ-CT slices. Due
to the uncertain representation of small objects and in order to limit the
influence of the partial volume effect, only pores greater than 10 voxels in
3D-space were taken into account for the subsequent analyses. Moreover,
a 3-voxels mathematical morphology operator closing was applied to the
stack to fill misclassified voxels inside pores.
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(a)
(b)
(c)
Figure 7.28: Zandvoort: X-ray µ-CT: (a) 2D cross-section and (b) 3D representa-
tion of the whole stack of reconstructed images and (c) of the pore
network for a wet-grab samples collected from panel P40. The stacks
are composed of 500 slices representing a cylinder of 7 mm in diam-
eter and about 4 mm in height.
Similarly to what was previously described for the image-processing of
the treated clay micrographs of Bologna, 3D porosities of the investigated
specimens were determined by dividing the number of binarized void
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(a)
(b)
Figure 7.29: Zandvoort: X-ray µ-CT: (a) PSD curves obtained from field mixed
specimens and (b) corresponding derivative curves.
voxels by the relative total volume of interest (VOI) using the Skyscan
software CTAn (v.1.12). Their values are reported in Table 7.4. As expected
from previous experimental evidence, the total porosities associated with
panels P37 and P44, produced using the planned retrieval parameters,
were found higher than those of the other panels, created by varying the
withdrawal speed in the upper 6 m.
From 3D individual particle analysis, the volume, the surface, and the
equivalent sphere radius of each pore within the specimen were com-
puted through the marching cubes volume model, allowing the defini-
tion of other PSD curves presented in Figure 7.29a. The shape of these
curves is somewhat different from those obtained by MIP (Figure 7.27a),
which are shifted towards smaller pore radii. Besides, the total cumula-
tive porosities are much lower with respect to those achieved using MIP.
These significant differences can be essentially due to the lower resolu-
tion available in µ-CT along with the image post-processing performed
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in order to remove speckles smaller than 10 voxels, which, as for Bologna,
limited the smallest pore recognizable and automatically involved a re-
duction in the measured total porosity values.
The critical pore radii deduced from the maximum peak of the µ-CT
volume-log-radius distributions of Figure 7.29b and reported in Table 7.5
were between 8.04 µm and 22.26 µm, which are values appreciably lower
than the second modes of the MIP derivative curves.
Again, discrepancies between MIP and µ-CT test results can be reason-
able attributed to the ink-bottle effect, to the spatial resolution provided
to investigate the pore space, and the different theoretical model used
in the definition of the throat radii, founded on the hypothesis of fully-
accessible non-intersecting cylindrical pores in the former case and on the
equivalent sphere radius for µ-CT. In order to examine the influence of
these assumptions on the µ-CT PSD curve derivation, the 3D morphologi-
cal size distributions were also derived using the hydraulic radius, RH, of
each disconnected pore and individuating the structure thickness of the
whole pore space.
Figure 7.30 shows the PSD curves relative to the wet-grab mixture col-
lected from panel P40 obtained assuming different models for the defi-
nition of the pore radius. It is interesting to note how the PSD curve de-
termined using the hydraulic radius hypothesis is effectively shifted on
the left and characterized by a sudden deviation approaching 15 µm with
respect to that one based on the equivalent sphere radius. However, rcrit
values are quite close to each other, being, respectively, 11.55 µm and 18.26
µm. On the contrary, the pore thickness structure method initially accords
Figure 7.30: Zandvoort: X-ray µ-CT: comparison between PSD curves based on
different models for the definition of pore radius.
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higher cumulative porosities to larger pores, but for radii lower than 30
µm it lies in between of the other two curves, providing a rcrit = 10.40 µm.
This means that micro-, meso-, and macro-pores (the only classes of pores
detectable using µ-CT - Table 7.5) present in the CSM matrix are preva-
lently composed of disconnected objects having nearly spherical shape.
For this reason, they can rationally be regarded as entrapped air voids
(a)
(b)
Figure 7.31: Zandvoort: shape factors from 3D individual object analysis per-
formed on µ-CT segmented images: (a) S3D distribution derived for
each pore larger than 50 voxels detected within the samples, (b) fre-
quency histogram showing the prevalence of regular pores.
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(a)
(b)
Figure 7.32: Zandvoort: comparison between (a) 2D PSD curves obtained from
MIP, X-ray µ-CT, and high resolution scanner from specimens rela-
tive to panel P40 and (b) corresponding derivative curves.
generated by the injection of compressed air during the mixing process
for the production of the CSM panels.
This significant result has been confirmed by computing for each pore
within the samples its characteristic 3D shape factor, S3D, as presented in
Figure 7.31. From this figure, as expected, the great proportion (beyond
60%) of micro-, meso-, and macro-pores are classifiable as regular pores,
whereas the remaining part as irregular. Only a very small percentage of
them (ranging from 4 to 2.8%) are of the elongated type.
Although one of the main advantages in using X-ray µ-CT is strongly
related to the possibility of reconstructing and processing the complete
3D inner structure of a sample, useful information can be also collected
analysing single 2D reconstructed slices, as proved by the case of Bologna.
To further validate this assumption, the whole dataset of 2D slices recon-
structed from the wet-grab specimen relative to panel P40 produced in
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(a)
(b)
Figure 7.33: Zandvoort: shape factors from 3D and 2D individual object analy-
sis performed on segmented images collected using µ-CT and high
resolution scanner.
Zandvoort and five distinct slices along its height were selected to ob-
tain PSD curves to be compared with the 3D results, presented in Figure
7.32. Figure 7.32a shows a good overlap between MIP and both 2D and
3D µ-CT PSDs in the range of macro-porosity (r > 30 µm). Moreover, the
PSD curves deduced from image-processing of single slices and the whole
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Figure 7.34: Zandvoort: classification of pores based on equivalent sphere diam-
eter (according to Cameron and Buchan 2006).
dataset of 2D cross-sections (Tomo #2965, Tomo #3065, Tomo #3165, Tomo
#3265, Tomo #3365, and Tomo 2D) provide similar cumulative porosities,
close to the 3D value. Critical pore sizes comparable with that calculated
from 3D analysis were individuated from the corresponding derivative
curves sketched in Figure 7.32b (rcrit = 11.15-15.69 µm).
Shape factors computed from 2D image analyses show that pores can
be mostly classified as regular, even if Figure 7.33 suggests that a little,
but significant, difference exists between 2D and 3D results. Therefore,
despite this slight variation in S3D, it is possible to conclude that informa-
tion gathered by a reasonable number of 2D reconstructed slices (at best
the whole 2D dataset) can be considered equivalent to those coming from
a 3D analysis of the sample.
Finally, Figure 7.34 proposes a comparison between pore size classifica-
tions determined from MIP and µ-CT (both 3D and 2D) PSD curves. Even
though small differences between 2D and 3D µ-CT exist due to the high
similarity of the respective PSDs (Table 7.5), the classification operated
on the MIP PSD shows that more than 80% of its cumulative porosity
is composed of crypto-pores. This so pronounced discrepancy, associable
with the ink-bottle effect and with the much higher resolution available
using MIP, cab be directly attributed to the systematic misinterpretation
and underestimation of coarser pores in favour of finer pores frequently
occurring by using this technique in comparison to image analysis, espe-
cially in cement-based materials.
Therefore, the combination of different microstructural and mineralog-
ical experimental procedures can be regarded a powerful tool able to
describe the pore space features (and chemical composition) of cement-
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(a) (b)
Figure 7.35: Zandvoort: high resolution scanned section analysis: (a) high reso-
lution cross-section and (b) corresponding segmented image.
mixed soils, compensating the disadvantages and enhancing the advan-
tages of each single investigation methodology.
The only intrinsic drawback of such comprehensive approach is the
small size of the inspected volume/surface. To overcome this limitation
a new technique, recently developed at the University of Padua (Italy)
and named high-resolution scanned section analysis, was adopted (see
Section 6.4.5). The outcomes derived from the application of this method
are presented in the following section.
7.6.1.5 High-resolution scanned section analysis results
Five slices of about 5 mm in thickness and 37 mm in diameter prepared
from a wet-grab specimen retrieved from panel P40 were acquired by
means of a high-resolution scanner (Figure 7.35a). Once acquired, the
five cross-sections were segmented to separate pores from the cemented
paste through ENVI 4.7 software. A maximum likelihood classification al-
gorithm based on a series of predefined classes described by an adequate
number of training pixels was applied. The maximum likelihood classi-
fication algorithm assumes that statistics for each class in each band are
normally distributed and calculates the probability that a given pixel be-
longs to a specific class (Richards and Jia, 2005). Two classes were defined
for each image: a class for the voids filled by impregnated epoxy and a
class for those filled by synthetic eskolaite powder.
The maximum likelihood algorithm was found to be particularly ef-
fective in the individuation of pores. Once segmentation procedure was
complete, binarized images were processed using ImageJ 1.44p software,
by which pores smaller than 10 px were filtered. The result of this proce-
dure is shown in Figure 7.35b.
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Individual particle analyses were finally carried out to evaluate the
most relevant characteristics of the 2D pore spaces recognized from the
segmented sections. The corresponding PSD and volume-log-radius dis-
tribution curves are sketched in Figure 7.32a and Figure 7.32b, respec-
tively, while pore shape classifications are provided in Figures 7.33. Fi-
nally, the contribution of each pore size class to the measured cumulative
porosity is summarized in Table 7.5.
The trend of the PSD curves derived from 2D image processing of the
high-resolution scanned sections appears rather dissimilar from that char-
acterizing the 3D and 2D tomographic distributions, being prevalently
concentrated in the range of macro-pores. This is likely due to the limited
resolution achievable with this technique (approximately 4 µm) and to
the more representativeness of the surface area analysed.
Critical pore sizes were found ranging between 138.68 µm and 312.34
µm, relatively close to the second mode deduced from MIP derivative
curves for panel P40. Shape factors comparable to those computed on the
basis of 2D tomographic analyses were reckoned.
Despite the evident drawbacks of this investigation method, valuable
information about 2D pore space properties of porous materials may be
investigated at reasonable costs (time and equipment), especially when
macro- and meso-pororosity are the main aspects to be studied.
7.6.2 Mechanical and hydraulic test results
Similarly to what observed in testing the treated clay samples of Bologna,
the stress – strain relationships obtained from unconfined compression
tests on the cemented sand of Zanvoort were denoted by a brittle re-
sponse characterized by a marked strength peak at failure deformations
typically ranging from 0.3 to 1.0% (external measurements), followed by a
distinct softening behaviour. However, in this case, after the initial abrupt
degradation of cementing bonds (the predominant effect at low confining
pressures), a sort of hardening phenomenon occurred due to the grad-
ual mobilization of the frictional resistance of the sand. This mechanism
avoids the sudden collapse of the samples and promotes the formation of
clear shear bands, as shown in Figure 7.39a.
Additional considerations can be inferred from the experimental re-
sults presented in Figure 7.36. First of all, UCS is found to increase with
tcur, as usually reported by numerous researchers, with a high gradient
at early ages progressively levelling off. The only exception is that rel-
ative to panel P37, for which an unexpected reduction at 125 days is
detectable. It should be pointed out that for this panel a notable vari-
ance (CV = 27.6%) was determined from the UCS results, especially at
125 curing days. This high variability and the unexpected decrease in
strength with tcur can be probably due to an uneven binder distribution
within the specimens. Notwithstanding, in other panels, CV values were
customarily found lower than 5%. This may be tentatively ascribed to the
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Figure 7.36: Zandvoort: UCS values obtained from field specimens.
effective in-situ mixing process and, possibly, to the special binder used
for production.
From Figure 7.36, it is interesting to notice how panels P37 and P44,
built following the planned standard mixing procedure, provided lower
Figure 7.37: Zandvoort: empirical correlation between average unconfined com-
pressive strength at 125 curing days and total porosity values evalu-
ated by µ-CT image-processing for the six panels investigated.
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strengths with respect to the other panels constructed adopting both a
reduced or an increased withdrawal speed in the last 6 m of the retrieval
phase. This discrepancy can be related to the total porosity values es-
timated, for example, by µ-CT image-processing (Figure 7.37). Higher
porosities were in fact recognized in panels P37 and P44 and can be prob-
ably attributed to larger amounts of air injected in the trench during their
installation.
A reasonable interpretation of UCS results based only on the mixing
time is somewhat difficult to accept, owing to the fact that many machine
and slurry parameters were changed from a panel construction to another.
Nevertheless, selecting panels P40 and P41, created, respectively, with a
slower and faster withdrawal speed and with a cementing slurry having
the same w/c, a direct relationship between UCS and mixing time can be
identified, being the UCS obtained at 125 curing days from P40 higher
than that of P41 wet-grab cores. This finding confirms the importance of
the mixing procedure in achieving a suitable degree of mixture homog-
enization and, consequently, in satisfying the required design specifica-
tions.
Wet-grab specimens with d = 54 mm and l/d = 1.5 showed slightly
higher strengths than those deduced from the 37 mm in diameter cores
having l/d = 2. Despite the increase in diameter generally gives a re-
duction in strength (e.g. Saitoh et al., 1982; Pousette et al., 1999; Åhnberg
et al., 2001) because of the statistical presence of more defects and weak
inclusions in larger samples, in this case the size effect seems to be bal-
anced by the lower l/d, which, more specifically, appears to assume a
predominant role.
UCS values up to 23 MPa were reached in the wet-grab samples col-
lected at the site. These elevated values can be associated with the rele-
vant amount of binder introduced into the trench, the optimal properties
of the natural sandy soil, the effective mixing procedure chosen, and with
the special cement used.
Triaxial undrained test results derived from specimens cored from the
wet-grab samples at 113 curing days and relative to panels P40, P41, and
P44 are reported in Figure 7.38. It is important to emphasize that the
cement slurry used to produce these panels was prepared at about the
same w/c, but the blending time taken by the mixing process at depth
intervals comparable with the sampling depth were completely different
(cfr. Table 5.19), being that evaluated for P40 longer than that observed in
P41. This is probably the reason for the higher strengths measured in P40
samples, as shown in Figure 7.38. On the other hand, the low strength
values of P44 cannot be directly connected with the mixing time, since
such parameter was found in this panel even longer than in P40. The
explanation of this anomalous behaviour may be, instead, correlated to
the different cumulative porosities detected in the mixtures (Figure 7.37).
Figure 7.38 also shows that peak strengths, as well as failure axial
strains, increase with increasing confining pressure (Consoli et al., 1996)
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Figure 7.38: Zandvoort: triaxial confined compression test results of Zandvoort
CSM specimens from panels P40, P41, and P44.
whereas the corresponding ratios of the peak to residual strength at large
strains are seen to decrease (Table 7.6). However, the effects on the elastic
modulus seem to remain somewhat limited.
As the confining pressure increases, the stress – strain relationships
change from brittle towards plastic (Clough et al., 1989) and the mode of
failure, even at the somewhat low confinements adopted in these tests,
becomes gradually dominated by plastic shear mechanisms, as shown in
Figure 7.39b (Porbaha et al., 2000).
Specimens tested under null confinement were equipped with a couple
of longitudinal and circumferential strain gauges in order to determine
unbiased deformations not affected by bedding errors (Tatsuoka et al.,
1996). The experimental measurements were used to compute the secant
elastic modulus Es,50 relative to panel P40 and P44. These values were re-
spectively 13.20 MPa and 13.59 MPa, which are fairly close to each other.
This can be probably due to the similar degree of cementation attained
in the two inspected panels, characterized by a substantially equivalent α.
For these panels, therefore, the supposed different amount of entrapped
air in the cemented matrix appears to negatively affect only the peak
strength, without any consequences on the improved soil stiffness. Stiff-
ness to strength ratios, Es,50/UCS, equal to 584 and 915 were derived and
were found approximately comprised in the range proposed by Ganne
et al. (2010) for CSM treated soils.
The average indirect tensile strengths obtained from the wet-grab sam-
ples collected from panels P40, P41, and P44 ranged between 14% and 20%
of the corresponding UCS values. These ratios are comparable to those ob-
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Table 7.6: Zandvoort: peak deviatoric stresses and
axial failure strains measured during
the triaxial confined compression tests.
Panel
Confinement Deviatoric ε f
(MPa) stress (MPa) (%)
0.0 22.59 0.27
P40 0.4 21.42 0.52
1.0 23.94 0.66
0.0 19.07 0.34
P41 0.4 19.32 0.36
1.0 20.51 0.57
0.0 14.85 0.38
P44 0.4 14.93 0.47
1.0 15.34 0.72
ASTM Standard D7012 (2010)
served in tests performed on concrete and artificially cemented sand (e.g.
Consoli et al., 1996; Huang and Airey, 1998; Koseki et al., 2005). In every
instance, reduced standard deviations were calculated, with CV ranging
from 5% to 8%. A typical sample at failure is shown in Figure 7.39c.
Table 7.7 shows the results of hydraulic conductivity tests carried out
on the wet-grab cores at different curing times. Permeability values of
the order of magnitude of 10−11 m/s were measured and, as expected,
were found to slightly decrease with tcur (e.g. Dupas and Pecker, 1979;
Tokunaga et al., 2005).
Table 7.7: Zandvoort: permeability test results.
Panel
d l tcur i k
(mm) (mm) (days) (-) (m/s)
P39 37.7 75.2 34 265 3.85 · 10−11
P40 37.7 74.5 50 268 4.96 · 10−11
P41 37.7 74.8 106 267 1.16 · 10−11
P44 37.7 75.2 117 265 2.08 · 10−11
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(a) (b) (c)
Figure 7.39: Zandvoort samples at failure: (a) unconfined compression test; (b)
confined compression test; (c) splitting test.
7.7 prediction of strength behaviour of csm treated soils
Several papers in the past proposed simplified approaches to predict UCS
(e.g. Rathmayer, 1996) as a function of some of the most important factors
influencing soil improvement. Nevertheless, currently, no widely applica-
ble formula seems to effectively serve this purpose.
7.7.1 Influence of binder content, fine content, and mixing quality
One of the key element affecting strength increase is undoubtedly the
amount of binder introduced into the soil. Its effect strongly depends on
the type of soil to be mixed.
In clayey soils, the strength increase with cement content is commonly Clayey soils
outlined by the general model proposed by Horpibulsuk et al. (2003), as
previously reported in Section 2.5.4.2. Starting from this schematic ap-
proach, a predictive formula for the estimate of the UCS in CSM treated
clay capable of considering the effect of some important factors affecting
the field strength is presented and discussed in the following.
Test results deduced from CSM specimens of Bologna confirmed the
strong dependency of UCS on the binder content, preferably expressed,
when field data are available, in terms of α. Contrary to aw, α is, in fact, a
more easily in-situ definable parameter directly associated with the w/c
of the bonding slurry and to the flow rate at which the slurry is injected.
The influence of α on the UCS increase is sketched in Figure 7.40 for spec-
imens characterized by l/d = 1 and l/d = 2. Basing on the experimental
data available, UCS has been basically described by
UCS1 = UCSmax · exp
[
−
(
α∗
1+ α
)2]
(7.10)
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Figure 7.40: Bologna: experimental data: unconfined compressive strength vs.
amount of binder introduced into the ground.
where UCS1 is the unconfined compressive strength due to the contribu-
tion of α, UCSmax is the maximum UCS reached in the stabilized clay at a
threshold value of α beyond which no increments in strength due to pri-
mary hydration reactions (low term increase in UCS) occur (transitional
zone), and α∗ is a reference value for α to be introduced into the ground.
UCSmax and α∗ have been assumed in the case of Bologna equal to 3 MPa
and 200 kg/m3, respectively.
In sandy soils, according to Consoli et al. (1996) and Schnaid et al.Sandy soils
(2001), a linear relationship between UCS and α is typically supposed.
However, experimental outcomes obtained from the unconfined compres-
sion tests performed on the wet-grab samples collected from the site of
Zandvoort suggested a more gradual increase in strength with α, be-
ing small amounts of binder normally not well uniformly distributed
throughout the natural soil fabric and, thereby, too low to develop bonds
between sand grains.
The influence of α on the UCS gain is sketched in Figure 7.41 for speci-
mens cored from the wet-grab samples relative to the six definitive panels
produced at the site. On the basis of these data, UCS has been correlated
to the cement factor by the following relation:
UCS1 = 10 α
[
1− 1
α
· tanh α
]
(7.11)
where α = α/α∗ and α∗ is a reference value for α to be introduced into the
ground. In the case of Zandvoort, the value of α∗ has been taken equal to
200 kg/m3, but, for panels P37 and P44, α∗ = 270 kg/m3 appears more
appropriate.
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Figure 7.41: Zandvoort: experimental data: unconfined compressive strength vs.
actual amount of binder introduced into the ground.
Other factors proved to affect the strength development, in particular Other factors
the fine content, FC, and the site mixing quality factor, BCSM. For cohesive
soils, a certain correlation between UCS and the undrained shear strength
of the original clayey material, su, resulted from the application of a multi-
regression analysis. Notwithstanding, this correlation seemed relatively
poor and was, therefore, neglected. The reason for this decision is due
to the soil disaggregation achieved at the end of the mixing procedure,
which gives the vanishing of the strength properties of the intact soil
fabric. According to Chew et al. (2004), the in-situ structure of the soil is
likely to be destroyed at the end of the improvement process.
Hence, in order to take into account the effects of FC and BCSM, the
UCS provided by Equations (7.10) and (7.11) has to be modified by
UCS2 = UCS1 · F¯ = UCS1 · FB · FFC (7.12)
in which UCS2 is the corrected UCS and
FFC = η
{
1+ 2 · exp
[
−
(
FC
FC∗
)3]}
FC in % (7.13a)
FB = λ
{
1+
1
2
· exp
[
−
(
B∗CSM
BCSM
)3]}
(7.13b)
where η = 2/3 in clayey soils and 1/3 in sandy soils, FC∗ is a reference
value for the fine content of the natural soil to be stabilized (selected
equal to 45%, which gives FFC = 1 for FC = 50%), λ = 0.9, and B∗CSM is a
reference value for the mixing quality factor, chosen equal to 15.
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(a) Clayey soils (b) Sandy soils
Figure 7.42: Correction factors taking into account the effects due to FC and
BCSM on strength gain.
The curves described by Equations (7.13a) and (7.13b) and calibrated
for the site of Bologna and Zandvoort are depicted in Figure 7.42. To note
the significant effect of the nature of the soil to be stabilized on UCS.
The mixing factor BCSM has been supposed to vary between 10 (poor
homogenization) and 30 (maximum allowable homogenization).
Equations (7.10) and (7.11) for UCS gain as a function of α (solid line)
including also the effect of FB (dotted lines) are presented in Figure 7.43,
where most of the field data are seen to be related to BCSM < 15, cor-
responding to FB < 1. To note that in both models UCS is assumed to
rise significantly only for binder amount greater than 75 kg/m3. No fur-
ther increase is observed beyond 500 kg/m3 in clayey soils (Figure 7.43a),
whereas an asymptote describes the strength increase of cemented sand
at high binder factors (Figure 7.43b).
Moreover, Equations (7.10) and (7.11) may be easily adapted to account
for effects due to other possible influencing factors, such as pH, ignition
loss, humic acid content, etc.
7.7.2 Influence of curing time
Curing condition is another fundamental aspect in estimating the UCS of
treated soils. Unfortunately, quite often the only curing parameter which
can be "monitored" after the completion of a generic deep mixing treat-
ment is the curing time, being curing temperature, humidity and curing
environment hardly measurable in-situ.
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(a) Clayey soils
(b) Sandy soils
Figure 7.43: Equation to predict UCS of clayey soil treated with CSM as a func-
tion of α.
One of the most accepted approaches taking into consideration curing
time and temperature on strength development in self-hardening mate-
rials such as concrete has been presented in Section 3.3.3 and is com-
monly referred to as Maturity method (e.g. Nurse, 1949; Saul, 1951). From
this method, several relationships were expressly developed in the past
for concrete (Carino and Lew, 2001), such as those based on linear and
parabolic hyperbolic equations and exponential functions. These empiri-
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cal relationships have been preliminarily used to fit the USC data from
CSM treated soils (Figure 7.44a and Figure 7.44b) and, customarily, have
provided satisfactory results except the case of the linear hyperbolic equa-
tion. This divergence may be due to the fact that stabilized soils show
delayed strength development compared to concrete along with a pro-
nounced long-term increase dependent on the type of soil and cement
used for stabilization (e.g. Åhnberg, 2006b). In the case of Bologna and
Zandvoort, a CEM IV/A and a composite cement were respectively used,
thus leading to a slower formation of pozzolanic reaction products.
Ganne et al. (2010) proposed to use the relationship reported in EN
1992-1-1:
UCS(tcur) = UCS28 · exp
[
·
(
1−
√
28
tcur
)]
(7.14)
in which UCS28 represents the UCS of the treated soil at 28 curing days
and a is a fitted parameter, assumed in these cases equal to 1.55, slightly
higher than those suggested by the authors.
The applicability of other empirical relationships reported in the liter-
ature has been verified, as shown in Figure 7.44a and Figure 7.44b. Ki-
tazume (2005) observed that the UCS of treated soils increases almost
linearly with the logarithm of tcur. Hence, the logarithmic equation for-
mulated by Åhnberg (2006b) has been considered in the analysis:
UCS(tcur) = 0.3 ln(tcur) ·UCS28 (7.15)
Even if Equation (7.15) could not provide any information about the UCS
at tcur < 1 day, it proved to give satisfactory results at longer curing times.
To better describe the UCS increase with tcur, a new empirical equa-
tion based on a double hyperbolic function is proposed. This function is
composed of two terms: the former describes the strength increase in the
first 28 curing days, whereas the latter defines the development of the
long-term strength. The relation is expressed as
UCS(tcur) =
UCS2 · tcur
tcur + K1 ·UCS2 +
∆UCS∞ · tcur
tcur + K2 · ∆UCS∞ (7.16)
in which UCS2 represents the corrected UCS resulting from Equation
(7.12), ∆UCS∞ is the expected strength increment due to long-term reac-
tion products, and K1 and K2 are two constants, whose values depend on
the type of clay and cement used in the treatment. The first term in Equa-
tion (7.16) represents the influence of primary hydration products on the
strength gain, while the second term corresponds to the contribution to
the UCS of the stabilized soil due to pozzolanic reactions.
If curing temperature is known, it would be theoretically possible to
account for the maturity effect introducing in the formula the equivalent
age, te, at the reference temperature (Carino and Lew, 2001), instead of
tcur. By means of the constants K1 and K2 it is also possible to allow for
different effects provoked by different binders.
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(a) Bologna
(b) Zandvoort
Figure 7.44: Influence of curing time on the strength development of treated
soils: comparison between the double hyperbolic formulation and
classical models proposed for concrete and for DMM.
7.7.3 Validation of the formulation
The previous empirical formulation defined for both cohesive and gran-
ular soils has been validated considering the other jobsites presented in
Chapter 5. Generally, the method has returned UCS values comparable
with those measured from laboratory tests performed directly on wet-
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Figure 7.45: Direct comparison between measured and predicted strength values
obtained from the analysis of the available case histories.
grab samples or cores retrieved in-situ from the CSM panels, as well as
with those obtained from preliminary suitability tests carried out on lab-
oratory samples prepared by mixing the natural soil of the site with the
selected binders. The outcomes of this overall comparison are reported in
Figure 7.45.
The curing prediction parameters K1 and K2 have been found to range,
respectively, from 0.7 to 3.0 and from 30 to 100. The lower bound of the K1
range is associated with cements poor in mineral additions, whereas the
upper bound to strongly pozzolanic binders. K2, on the other hand, takes
into account the effect of the nature of the original soil, which might
be inert (upper bound) or reactive (lower bound). In the latter case, a
significant increase in UCS with curing time is expected.
7.8 hoek-brown failure criterion for csm treated soil sam-
ples
The results ascertained from triaxial undrained tests can be interpreted
to estimate strength parameters useful in the definition of a failure cri-
terion for the improved sandy soil of Zandvoort. Several authors in the
literature have suggested to use the Mohr-Coulomb envelope to describe
the shear strength of artificially cemented sands (e.g. Schnaid et al., 2001),
because of their cohesive-frictional nature. This approach can be applied
by simply evaluating two quantities, i.e. the cohesion intercept c′ and the
friction angle φ′, which depend, respectively, on the attained degree of
cementation and on the properties of the natural sand. On the contrary,
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other researchers (e.g. Leroueil and Vaughan, 1990; Lagioia and Nova,
1995) have developed more complete constitutive models for cemented
soils and weak rocks within the framework of the hardening plasticity
theory. Nonetheless, these criteria are usually based on several strength
and cementation parameters, frequently not easily estimable by means of
ordinary laboratory investigations.
Since the treated sand of Zandvoort proved to be a cohesive-frictional
material, whose axial strength, comparable to that observed in weak rocks
or mortars, is influenced by lateral confinement, as occur in wall panels
embedded in the ground, a different formulation proposed by Karam and
Tabbara (2009) has been used in this context. The authors have extended
the usual Hoek-Brown empirical strength criterion to actively confined
concrete, analysing a large database of experimental results on hydrauli-
cally and triaxially confined concrete with uniaxial compressive strengths
ranging between 7.24 MPa and 119 MPa.
The proposed normalized form of the original Hoek-Brown strength
criterion is given by
σ1 = σ1 +
√
m · σ3 + s (7.17)
where m and s are the usual Hoek-Brown parameters and σ1 = σ1/σc
and σ3 = σ3/σc, in which σ1 is the major principal stress, σ3 is the minor
principal stress, and σc represents the uniaxial compressive strength of
the intact material. In addition, as reported by Hoek and Brown (1997)
and Karam and Tabbara (2009), predictions of the failure angle and of the
Figure 7.46: Hoek-Brown failure criterion applied to the Zandvoort experimental
data.
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cohesion intercept are possible starting from the formulation defined in
Equation (7.17).
A best fit procedure on the experimental data collected from the un-
drained triaxial tests conducted on Zandvoort specimens allowed to de-
termine the Hoek-Brown parameters m and s, which were found respec-
tively equal to 2 and 1. The experimental envelope obtained introducing
the previous values in Equation (7.17) is presented in Figure 7.46, show-
ing a good fit of the normalized peak axial strength, σ1, over a range of
normalized confining stress, σ3, varying between 0 and 0.1. Unfortunately,
only limited confinement stresses, comparable with those encountered at
depths achievable by treated soil wall panels, were investigated. Anyway,
the Hoek-Brown model seems to be robust and simple to use for predict-
ing the peak axial strength of confined improved soils. Furthermore, it
should be pointed out that the Hoek-Brown criterion is currently imple-
mented in numerous FEM geotechnical softwares.
7.9 prediction of the permeability of csm treated soils
The information derived from the three-dimensional X-ray µ-CT analy-
ses performed on the wet-grab samples of Zandvoort have been used to
estimate the hydraulic conductivity of the CSM stabilized sandy soil by
means of two simple and recent methods relied on the Kozeny-Carman
equation, i.e. those described by Ioannidis et al. (1996) (see Equations
4.148 and 4.91) and by Solymar and Fabricius (1999) (see Equations 4.149
and 4.150).
Figure 7.47: Zandvoort: estimation of permeability from simple empirical meth-
ods.
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Figure 7.48: Zandvoort: relationship between connectivity and number of pores
for the wet-grab samples retrieved from the site.
The results of these calculations are reported in Figure 7.47, where they
are directly compared with the laboratory measurements. It is possible to
notice that the method of Solymar and Fabricius (1999) provides perme-
ability values equivalent to those observed in the laboratory. Conversely,
the method of Ioannidis et al. (1996) seems to give an overestimation of
the actual permeability.
Many studies on the hydraulic conductivity of porous solids empha-
size the role of connectivity and tortuosity features of the pore network
on their hydraulic response. In this respect, the specific Euler number,
EuV , appears to be the most suitable parameter to represent the connec-
tivity properties between pores (e.g. Vogel et al., 2010). EuV was found to
increase with the number of objects (pores) included in the pore space
according to Equation 4.92 and to what detected by image-processing
of the three-dimensional stack of cross-sections reconstructed from µ-CT
analyses of the Zandvoort specimens, as shown in Figure 7.48. Notwith-
standing, a sort of levelling off with an increasing number of pores is
appreciable, probably indicating that, beyond a certain pore density, the
number of redundant connections between objects necessarily increases,
leading to a consequent apparent reduction in EuV .
7.10 laboratory and field mixing procedure : a comparison
tool
The execution of deep mixing works should always be preceded by a se-
ries of preliminary laboratory tests with the aim of acquiring valuable
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information about the most suitable binders and mix designs to be used
at the site. Additional field trials are further highly recommended in or-
der to optimize the slurry design and to delineate the best procedure for
the subsequent construction activity. Nevertheless, due to the high costs
involved in arranging experimental test sites, the optimization phase is
normally carried out during the production of the definitive structure.
For this reason, the individuation of a comparison tool able to take into
account the specific effects of different mixing techniques (site and lab-
oratory mixing procedures) on the corresponding performance achieved
in treated soils is crucial.
In order to define this factor, based on the energy effectively transferred
to the soil throughout the mixing process, a slurry-soil mixture was pre-
pared in the laboratory using the same special cement used at the site of
Zandvoort and in agreement with the treatment parameters elaborated
from the production data relative to panel P40. Here below is the formu-
lation adopted to determine aw to be used in the laboratory starting from
α evaluated from the interpretation of the in-situ mixing data (Figure 7.2).
Since
α =
q ρw ρc
ρw + w/c ρc
(7.18)
where q is the amount of injected grout in l per m3 of natural soil, aw can
be easily computed by
aw =
α
γd
(7.19)
The grout and the soil were first separately homogenized and then
mixed together for 10 minutes using a high power food mixer to produce
the stabilized soil (JGS 0821-00, 2000). The effective torque applied by
the device was measured using a digital torque gauge directly mounted
on the transmission shaft of the mixer. On the basis of the experimen-
tal torque values, a new parameter named specific mixing energy, Emix
(kNm/m3), and related to the specific treated soil volume has been pro-
posed:
Emix,LAB =
Wmix Rmix tmix 2pi
Vsoil
(7.20)
where Wmix and Rmix are, respectively, the torque and the rotational speed
of the mixing tool averaged over the blending time, tmix, and Vsoil repre-
sents the soil volume to be treated. Emix can be easily adapted to the
different mixing method selected for the site. In particular, for CSM, it is
expressed as
Emix,CSM =
[(Wd,i Rd,i td,i ϕd) + (Wu,i Ru,i tu,i)] 2pi
Vi
(7.21)
in which Wd,i and Wu,i represent, respectively, the average torque supplied
by the cutter unit during the penetration and the retrieval phase, referred
to a specific soil volume Vi at depth "i".
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Therefore, Emix can be regarded as a powerful tool able to provide a
direct comparison between mixing procedures and to explain possible
variations in strength and permeability values of specimens stabilized
with different techniques.
7.10.1 Comparison between laboratory and field specimens
In the literature, strengths obtained from laboratory mixed specimens
are mostly reported to be higher than those characterizing field sam-
ples collected at the site (e.g. Baghdadi and Shihata, 1999; Porbaha et al.,
2000; Burke and Sehn, 2005; Kitazume, 2005; Madhyannapu et al., 2010)
and this remark has been also accepted into the Japanese DM guidelines
(JCDIT, 2002). However, Van Impe et al. (2005) recently discussed a case
in which UCS from tests performed on laboratory mixed specimens were
found significantly lower than field values, due to the different in-situ
mixing method used.
The comparison between field and laboratory outcomes from Zand-
voort samples have confirmed what stated by Van Impe et al. (2005). The
reasons of this disagreement with common design recommendations in
terms of both mechanical and hydraulic response have been further in-
vestigated by means of micro-structural and microscopical tests, whose
results are presented in the following.
7.10.1.1 Mechanical and hydraulic investigation performed on laboratory mixed
samples
Figure 7.49 shows that field strengths determined from panel P40 are
about two/three times higher than the corresponding laboratory mixed
specimens, prepared employing the same materials and adopting about
the same mix design used for the site production of panel P40. As men-
tioned above, these results are far from common design criteria, whereby
the strength obtained from tests on laboratory mixed specimens is greater
than that attained in field samples (Burke and Sehn, 2005). This can rea-
sonably be attributed to the good homogenization achieved in the field
rather than in the laboratory.
Figure 7.50 reports the hydraulic conductivities measured from flexible
wall permeability tests executed on the wet-grab cores and on the labora-
tory mixed specimens at different curing times. A difference of almost one
order of magnitude between field and laboratory values was observed,
with the permeability of the wet-grab samples ranging from 1.0 · 10−10
m/s to 1.0 · 10−11 m/s. This discrepancy is certainly related to a reduced
pore network connectivity of the field treated sand with respect to that
prepared in the laboratory, further proved through microscopical analy-
ses. It is worthwhile to note that in Zandvoort an hydraulic conductiv-
ity lower than 1.0 · 10−9 m/s, typically suggested for permanent seepage
control, was required by design specifications. Whereas field permeabil-
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Figure 7.49: Unconfined compressive strength from the different laboratory and
field specimens tested.
Figure 7.50: Hydraulic conductivity from the different laboratory and field spec-
imens tested.
ity values were found always lower than this limit, laboratory specimens
satisfied this requirement after about 20 curing days.
In order to confirm all the previous assumptions concerning the hydro-
mechanical experimental response of field and laboratory samples, addi-
7.10 laboratory and field mixing procedure : a comparison tool 359
tional microstructural analyses were carried out on the laboratory mixed
specimens.
(a)
(b)
(c)
Figure 7.51: Zandvoort: X-ray µ-CT: (a) 2D cross-section and (b) 3D represen-
tation of the whole stack of reconstructed images and (c) of pore
network for a laboratory mixed sample prepared with the same ma-
terials and adopting about the same mix design used for the site
production of panel P40. The stacks are composed of 500 slices rep-
resenting a cylinder of 7 mm in diameter and about 4 mm in height.
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(a)
(b)
Figure 7.52: Zandvoort: µ-CT and MIP: (a) PSD curves obtained from field and
laboratory mixed specimens; (b) corresponding derivative curves.
7.10.1.2 Microstructural investigation performed on laboratory mixed samples
Two types of analyses were conducted on laboratory prepared samples,
i.e. X-ray µ-CT and MIP. An example of X-ray µ-CT reconstructions are
presented in Figure 7.51, where a cross-sectional slice, the whole stack of
slices composing the investigated specimen, and the pore space are re-
ported for the laboratory mixed material (Figure 7.51a, Figure 7.51b, and
Figure 7.51c). Comparing Figure 7.51 with Figure 7.28, a significant dif-
ference in the pore network of these mixtures can be appreciated. Besides
an evident higher cumulative porosity, the pore space features in the lab-
oratory slurry-sand mixture are clearly much more complex than those
detected in the site stabilized material. The large air voids recognized in
the laboratory mixed material can reasonably be associated with the high
quantity of air bubbles entrapped throughout the blending procedure,
which was much higher than that included by the in-situ mixing process.
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Table 7.8: Zandvoort: summary of the most important results obtained from PSDs
derived using different testing techniques.
Test
Critical Crypto- U-micro- Micro- Meso- Macro-
radius pores pores pores pores pores
(µm) (%) (%) (%) (%) (%)
MIP-P40 0.027 82.26 9.52 3.98 1.56 2.68
MIP-P40-LAB 0.021 61.29 30.35 2.90 0.32 5.15
µ-CT-P40 18.26 0.00 0.00 63.86 16.50 19.61
µ-CT-P40-LAB 269.80 0.00 0.00 19.30 16.96 63.74
Moreover, the homogeneity attained in the laboratory seems to be as not
high as that achieved with the in-situ treatment, which, conversely, gen-
erated a rather compact and well cemented matrix.
The pore size distribution curves derived for both field and laboratory
samples from µ-CT and MIP are shown in Figure 7.52a. X-ray µ-CT and
MIP curves are rather different due to the usual reasons previously dis-
cussed. To notice the increased cumulative porosity of the laboratory MIP
curve compared to the field pore size distribution. This increase is even
more pronounced considering the µ-CT PSD curves. Because of the more
complex geometry of the pore network relative to the laboratory mixed
specimen, hampering the extrusion of mercury from the porous structure,
the entrapment parameter χ was found in this case equal to 0.59, which
is a somewhat higher value than that estimated for panel P40 (0.45).
The critical pore radii deduced from the PSD derivative curves of the
inspected samples (depicted in Figure 7.52b) along with the correspond-
ing pore size classification operated in accordance with Cameron and
Buchan (2006) are reported in Table 7.8. This table shows that although
the lower modes obtained from MIP tests may be regarded as completely
comparable, the higher modes identified by µ-CT curves are denoted by a
difference of more than one order of magnitude, which can be explained
with the greater number of large pores incorporated in the laboratory
treated soil.
Finally, through digital-processing of the three-dimensional stacks, a
classification based on the pore shape groups proposed by Bouma et al.
(1977) has been performed. It is graphically represented in Figure 7.53,
where it is possible to see that only a very limited content of elongated
pores are contained in both samples, being the most part of the regular
type. This confirms the origin of the pores, generally related to the en-
trapment of spherical air bubbles in the soil-binder mixtures.
The indirect correlation between unconfined compressive strength and
porosity presented in Figure 7.37 seems to be further strengthen, as shown
in Figure 7.54
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Figure 7.53: Zandvoort: pore shape classification from µ-CT analyses performed
on field cores and laboratory prepared samples (according to Bouma
et al. 1977).
7.10.1.3 Comparison based on mixing energy.
To obtain a preliminary indication about the laboratory and the in-situ
treatment effectiveness, the previously defined specific mixing energy,
Emix, has tentatively been used.
Basing on the site mixing parameters stored during the production of
panel P40, Equation (7.21) has provided an estimate of the energy trans-
Figure 7.54: Zandvoort: UCS vs. Φ correlation.
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mitted to 1 m3 of natural soil equal to Emix,CSM = 79
.
348 kJ/m3. Similarly,
taking into account the torque measured by the gauge directly mounted
on the transmission shaft of the laboratory dough mixer, a specific mix-
ing energy Emix,LAB = 7
.
875 kJ/m3 has been computed by Equation (7.20).
The difference of one order of magnitude between Emix,CSM and Emix,LAB
can be partially due to the fact that Emix,CSM is composed of two terms
which are related, respectively, to the soil-binder mixing process, E∗mix,CSM,
and to the preliminary energy spent to disaggregate/loosen the natural
soil during the penetration phase. In the CSM one-phase system, the latter
contribution can be very hard to be isolated, depending on the nature and
on the structural properties of the soil to be treated, while in the labora-
tory mixing it is usually negligible, especially when sandy soils have to be
stabilized. Therefore, assuming the energy for the in-situ soil disaggrega-
tion approximately twice that referred to the only CSM withdrawal phase,
a E∗mix,CSM = 25
.
681 kJ/m3 can be evaluated. As this specific binder-soil
mixing energy is about three times higher than the corresponding labora-
tory Emix,LAB, the enhanced in-situ treatment effectiveness and the related
higher performance (both in strength and in permeability values) with re-
spect to the laboratory stabilized soil results are confirmed.
From the previous considerations, CSM proved to be an excellent sta-
bilization method able to ensure higher mixing energies and, therefore,
more significant improvement to the hydro-mechanical behaviour of nat-
ural soils than those attainable with ordinary laboratory mixing proce-
dures.
7.10.2 Specific study of the special cement used at the site of Zandvoort
The excellent mechanical and permeability properties of the stabilized
sandy soil of Zandvoort prompted to further investigate the reasons of
this exceptional performance. Apart from mixing homogeneity, one of
the key factors regarded as crucial for the effectiveness of the treatment
was the type of binder used for the in-situ production. Hence, additional
mineralogical and microstructural analysis were carried out on the dry
cement powder and on hydrated cement pastes at different degrees of
hydration.
At first, SEM analyses of the dry powder were conducted. Their results
are shown in Figure 7.55. The BSE image (Figure 7.55a) and the EDS
analyses (Figure 7.55b and Figure 7.55c) highlight the significant presence
of GGBF slag particles (indicated by label "2") of irregular shape and size,
sharp edges, and predominant chemical composition composed of Ca,
Si, Al, Mg, and minor amount of S. The typical shape of GGBF slag can
be seen in the grain in the central-bottom part of the BSE image, which
also includes a small circular residue of metallic iron ("7"). This type of
remains is probably the cause of the streak artefacts generated during
µ-CT acquisitions of the wet-grab material.
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(a)
(b)
(c)
Figure 7.55: Cement used in Zandvoort: SEM: (a) BSE image of a polished sur-
face of an epoxy samples containing grains of the special cement
used for panel construction; (b) and (c) EDS analyses carried out on
several grains.
Particle denoted by label "1" can be considered an unreacted C3S/C2S
grain, while the "spongy" and irregular aspect of granule labelled as "3"
prevalently composed of Si and Al may be identified as natural poz-
zolanas. The particle individuated by "4" and "5" is probably a mineral
inclusion, whereas the nature of grain number "6" is somewhat uncertain,
even if it can be tentatively referred to as slag.
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Figure 7.56: Cement used in Zandvoort: diffractograms from standard and ki-
netic XRD analyses performed, respectively, on the dry cement used
at the site and on cement pastes at 4 h and 22 h of hydration
(w/c = 0.5). G: gypsum; A: anhydrite; C3S: alite; C2S: belite; C3A:
aluminate; CH: portlandite; E: ettringite; Cal: calcite; Qz: quartz.
To confirm SEM observation, a QXDA was carried out on the dry pow-
der using the Rietveld refinement technique (Young, 1995) for the quan-
tification of alite and belite and for structure refinement of the phases
present in the anhydrous cement (Barnett et al., 1999). Furthermore, an in-
ternal standard (Rutilo, 20% in weight) was incorporated to determine the
amount of non-crystalline material in the sample. The resulting diffrac-
togram and QXDA outcomes are reported, respectively, in Figure 7.56
and Table 7.9.
The analyses detected clinker phases (alite, belite, aluminate and ferrite
phases), small amount of gypsum, anhydrite, calcite, quartz, lime (CaO),
and a little quantity of periclase (MgO). The wide bump in the diffraction
pattern around 2θ = 10◦ is representative of the contribution due to the
amorphous material, which, through the incorporation of the standard,
was estimated in 69%. This high quantity of amorphous substances can
be directly associated with the significant presence of GGBF slag and
pozzolanic materials recognized by means of SEM investigation.
It is worth noticing that several factors can distort the data interpre-
tation and, for complex multi-phases systems as those characterizing ce-
ments, relative errors up to 10% for the main phases and up to 25% for
the amorphous ones can be expected.
Additional kinetic XRDs were executed on pastes prepared using the
same binder at a w/c = 0.5 in order to compare the time-evolution (at 4
h and 22 h of hydration) of hydrated compounds. The respective diffrac-
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Table 7.9: QXDA of the special cement
used at the site
Phase Amount (%)
Amorphous content 69.0
C3S monoclinic 12.5
C2S beta 5.1
C3A cubic 2.2
CA4F 1.4
Calcite 4.2
Anhydrite 2.5
Quartz 1.8
Gypsum < 1
Periclase < 1
Lime < 1
tograms are shown in Figure 7.56. The bump located between 14◦ and
15◦ 2θ is due to the kapton used to cover the paste throughout the mea-
surement to avoid water evaporation.
As far as phase generation concerns, the reaction process of the special
binder used in Zandvoort is somewhat similar to that followed by an
ordinary Portland cement, i.e. characterized by the initial and continuous
formation of ettringite and CH.
Finally, four cement pastes having different w/c, namely 0.5, 0.75, 1.0,
and 1.25, were investigated by means of X-ray µ-CT. Testing conditions
were chosen accordingly to those assumed during wet-grab samples ac-
quisition, in order to ensure a higher level of uniformity between different
scans. To further improve comparison between 2D cross-section recon-
structions, a reference core from panel P41 were inserted in the hollow
cylindrical stage containing the cement paste cores. Tomographic recon-
structions were performed using the Skyscan software package allowing
the removal of ring and beam hardening artefacts. Only pores greater
than 10 voxels were considered in the analyses to reduce partial volume
effect bias and uncertain representation of small objects. Typical 2D cross-
sections of the four different cement pastes at more than 28 curing days
are depicted in Figure 7.57.
3D individual particles analysis of pores were carried out for each sam-
ple on the whole stack of reconstructed images using the Skyscan soft-
ware CTAn (v.1.12). From these elaborations, the corresponding PSD and
derivative curves (Figure 7.58) and their most relevant parameters (Table
7.10) were obtained.
The porosity values determined for the four cement pastes were found
to range between 1.63% and 2.57%. However, it should be pointed out
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(a) (b)
(c) (d)
Figure 7.57: Cement used in Zandvoort: reconstructed cross-sections from X-ray
µ-CT executed on cement pastes prepared in the laboratory with
different w/c: (a) 0.5; (b) 0.75; (c) 1.0; (d) 1.25.
that the total porosity value relative to the cement paste produced assum-
ing w/c = 1.0 cannot be considered reliable due to the presence of a large
Table 7.10: Summary of the relevant results obtained using X-
Ray µ-CT on cement pastes prepared in the labora-
tory.
w/c Cumulative Porosity (%) Critical radius (µm)
0.50 1.63 63.71
0.75 1.81 166.18
1.00 2.57 10.52
1.25 1.41 9.75
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(a)
(b)
Figure 7.58: Cement used in Zandvoort: (a) PSD curves obtained from X-ray µ-
CT performed on laboratory mixed cement pastes; (b) correspond-
ing derivative curves.
pore spreading through the great part of the specimen (Figure 7.57c). No
clear dependence of the computed porosity values on w/c was recog-
nized.
The 3D PSD and derivative curves in Figure 7.58 show two critical pore
size modes in the correspondence of 10 µm and comprised between 63
µm and 100 µm, which are similar, respectively, to the rcrit individuated
in wet-grab samples by µ-CT and to the second mode evaluated by MIP.
Slightly higher second modes were deduced by 2D analyses of the whole
stacks of cross-sections.
Shape factors were used to classify the pore system of the four cement
pastes according to Bouma et al. (1977). The prevalence of regular pores
(S3D < 2) and no elongated pores (S3D > 5) can be noticed in Figure 7.59.
Due to the observed independence of cumulative porosity from w/c
and to the calculated shape factors, pores can mainly be regarded as air
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Figure 7.59: Cement used in Zandvoort: shape factors characterizing pores de-
tected by X-ray µ-CT in the laboratory mixed cement pastes.
voids generated during the laboratory mixing procedure and remained
entrapped in the progressively hardening matrix. These findings resem-
bles the considerations previously obtained from wet-grab and labora-
tory treated sand samples, even if, in this case, lower cumulative porosity
values were estimated. The reason for these smaller values, especially if
compared with that measured in the slurry-sand mixture prepared using
the same laboratory procedure and device, can be related to the more
homogeneity attainable in cement suspensions than in mortars, which,
in addition, usually show an interfacial transition zone (ITZ) between ce-
ment paste and aggregates characterized by an increased porosity and,
typically, lower strength (Taylor, 1997).
In conclusion, the analyses carried out on the special cement used for
the production of the wall panels at the site of Zandvoort allow to con-
firm the composite nature of the binder itself, composed prevalently by
amorphous material (GGBF slag and pozzolanas), and to acquire valuable
information regarding the homogeneity and the amount of air bubbles en-
trapped in the laboratory mixed cement paste when no natural sand is
added.

8C O N C L U S I O N S
In this thesis, a comprehensive investigation on sandy and clayey soils
treated with the Cutter Soil Mixing technology has been presented and
discussed. The experimental programme included soil geotechnical char-
acterization, the elaboration of CSM data collected during the produc-
tion of CSM panels, and the execution of a series of microstructural and
hydro-mechanical tests for the evaluation of the main phisico-chemical
properties of natural soil improved using the CSM method.
The effectiveness of several laboratory testing techniques in determin-
ing the chemical composition and the microstructural features of the ce-
mented matrix and of the complementary pore space of these mixtures
was examined. The outcomes of this comparison showed that, generally,
each test provided different information and only a combined analysis
allowed to properly describe the internal structure of such materials. In
this context, a new criterion based on mineralogical and microstructural
results given by SEM has been developed to estimate, by the definition of
2D frequency plots, the degree of homogenization achieved and the occur-
rence of the expected reaction mechanisms, identified by the formation of
the most significant hydration products.
Undrained triaxial test results emphasized the relevant effect of lat-
eral confinement on the stress – strain behaviour of stabilized soils. More
specifically, confining stresses of the order of magnitude of those expected
at depths comparable with the levels customarily reached by mixed wall
panels yielded to an increase in the maximum strength attained and to a
gradual transition of the failure mode from brittle to plastic.
Although the Mohr-Coulomb criterion proved to be reasonable for rep-
resenting the failure states of improved soils, the Hoek-Brown envelope
was successfully applied to the experimental data and considered to be
more suitable for very cemented mixtures.
Permeability tests performed on specimens collected at the jobsites of
Bologna and Zandvoort showed a surprising low permeability, of the or-
der of magnitude of 10−11 m/s, a value of particular relevance when
CSM is used to prevent leaching of polluted fluids. These measurements
were supported by X-ray computed micro-tomographic analyses, which
highlighted in both cases a compact and rather homogeneous cemented
matrix.
One of the most significant parameters affecting the hydro-mechanical
behaviour of stabilized soils was the actual amount of binder injected into
the ground and effectively participating in the hydration processes of the
progressively hardening material. This parameter is customarily strongly
related to the total-water-to-cement ratio of the mixture, which normally
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assumes much more importance than the initial water-to-cement ratio
of the binder slurry, since it permits to take into account both the real
amounts of water and cement present in the treated structure. However,
its computation is usually a very difficult task due to the fact that both
these quantities are often unknown. A theoretical formula relied on ratio-
nal assumptions has been established to take into consideration the waste
of that portion of cement contained in the spoil mud originated during
panel production. From this equation, hence, the actual amount of ce-
ment introduced and efficiently mixed with the soil has been evaluated
and used for subsequent strength prediction.
Moreover, experimental evidence underlined the fundamental role of
the "site mixing quality factor", BCSM, in the performance of CSM treat-
ments. This parameter, expressed in this dissertation as a modification
of the well-known blade rotation number, can be used to better describe
the CSM site mixing conditions and can also be regarded as a practical
way to control, in real time, the achievement of the predefined quality
requirements.
Jobsite activities are often preceded by a number of suitability tests
carried out in the laboratory by mixing the soil taken from the site with
several binder combinations in order to assess the most suitable slurry
leading to the fulfilment of design specifications. Further adjustments of
mix design parameters can then be operated directly during the in-situ
mixing process. Many researchers in the past have stressed the necessity
to direct more efforts toward the determination of a general relationship
between performances observed from mechanical and hydraulic tests on
laboratory and field mixed specimens. In this respect, some laboratory
samples were prepared in accordance with the Japanese standard JGS
0821-00 (2000) using the same materials and the same treatment param-
eters elaborated from the panel production data collected at the site of
Zandvoort. Contrary to what usually reported in the literature, specimens
made in the laboratory provided significantly lower strengths and higher
hydraulic conductivity values than those measured on the correspond-
ing field wet-grab samples. Size/scale effect were duly considered in test
result interpretation. The reasons of this anomalous outcome were de-
rived from mineralogical and microstructural analyses, which confirmed
a more complex and diffuse pore network inside the laboratory mixed
material.
To transfer these experimental findings into a mathematical concept
capable to take into account the actual mixing conditions when different
blending tools are employed and, thus, able to directly compare field and
laboratory mixing procedures, a new energy-related parameter, named
"specific mixing energy", Emix, has been proposed.
From the post-processing of the mechanical test results obtained, a new
predictive formulation has been developed allowing for the main factors
affecting the strength increase after stabilization, i.e. the characteristics of
the natural soil to be treated and of the binder used and the mixing and
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curing conditions. The versatility of these equations, calibrated for the
sandy soil of Zandvoort and the clayey soils of Bologna, to incorporate
other influencing factors has been dealt with and confirmed their efficacy
in reliably representing the strength gain of improved soils.
The formulation has been validated through the comparison between
calculated and measured strength values obtained from the other jobsites
considered in this study. Both field and laboratory strengths have been
found to be comparable with the predicted values.
Additional efforts should be made in the future to integrate in the
model chemical aspects of the reaction process involved in ground im-
provement applications, especially in the definition of the parameter α∗
and in a more accurate calibration of the parameters K1 and K2 to be
assumed in the predictive method.

Part III
A P P E N D I X

AP R O D U C T I O N D ATA E L A B O R AT I O N
Deep mixing applications are currently realized by means of modern ma-
chines equipped with extremely advance monitoring systems, which al-
low real-time information about all the main mixing parameters, such as
the depth achieved at certain times from the start of each element con-
struction, the instantaneous penetration/withdrawal speed, the instanta-
neous rotational speed of the tool, and the injected volume up to that
moment. Furthermore, these data are usually stored at a predefined fre-
quency (ranging between 0.167 Hz to 1 Hz) in log-files that can be subse-
quently elaborated to obtain diagrams over depth or time of the produc-
tion parameters regarded as the most determinant for the quality of the
panel.
Each line of the CSM production log-file contains information recorded
at a precise time after the beginning of the penetration phase and, hence,
other measurements are referred to the same instant. Thus, diagrams over
depth can be derived by simply relating each value directly to the cor-
responding depth or, more generally, to a representative depth interval
around it (Figure A.2).
From these observations, when two consecutive readings of injected
slurry volume are taken into account, e.g. 0.3 m3 and 0.5 m3 acquired,
respectively, at depths of 3.1 and 3.5 m below the reference point selected
prior to excavation (typically set equal to the ground level), an amount
(a) (b) (c)
Figure A.1: Basic principles of the numerical procedure used to interpret in-situ
mixing parameters.
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Figure A.2: Diagrams over depths of some of the production parameters mea-
sured during the construction of panel P40 in Zandvoort.
of 0.2 m3 can be possibly assumed to be introduced at a depth ranging
around 3.5 m.
However, a more reasonable interpretation is as follows. The aim of this
processing is to ensure a more reliable comprehension of the effective
distribution over depth of the main parameters influencing the mixing
quality. Considering separately the contribution of both the downstroke
and the upstroke phases, a numerical code has been developed for the
computation of the total mixing time, the total amount injected into the
ground, the mean flow rate of injection, the average mixing wheel rota-
tional speed, and the average torque supplied by the hydraulic motors to
a certain depth interval.
Suppose the whole depth affected by the stabilization treatment is sub-
divided in layers of prescribed thickness (e.g. 20 cm). In this condition,
each depth measured during the panel construction may be referred to
only one of these layers in a biunivocal correspondence, as shown in
Figure A.1a. During the downward movement of the cutting unit from
a depth "z1" measured at time "t1" to a depth "z2" at time "t2 = t1 +
∆t", where ∆t represents the predefined scan interval initially set, some
amount of slurry is injected into the ground. Such volume is assumed to
be uniformly distributed between all the depth intervals comprised from
depth z1 to depth z2, as sketched in Figure A.1b.
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Nevertheless, each of the slurry sub-volumes attributed to the layers
highlighted in this figure has to be redistributed again between those in-
volved by the instantaneous mixing process of the counter-rotating wheels,
because of the physical size of the blending tool used at the site.
This procedure can be applied not only to the injected volume of the ce-
menting slurry, but also to other relevant parameters which can be used to
obtain modified diagrams over depth (Figure A.2) and, more importantly,
reliable estimation of the site mixing quality factor BCSM to be adopted in
the strength predictive formulation previously presented in Chapter 7.
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